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PREFACE 
 

The Western Regional Air Partnership’s (WRAP) Dust Emissions Joint Forum 
(DEJF) selected Countess Environmental and Midwest Research Institute (the CE project 
team) to prepare this fugitive dust handbook and an associated website 
(www.wrapair.org/forums/dejf/fdh) for accessing the information contained in the 
handbook.  The material presented in this handbook addresses the estimation of 
uncontrolled fugitive dust emissions and emission reductions achieved by demonstrated 
control techniques for eight major fugitive dust source categories.  It focuses on fugitive 
dust emissions “at the source” and does not evaluate factors related to the transport and 
impact of emissions on downwind locations where ambient air monitoring occurs.  The 
methods for estimation of dust emissions rely primarily on AP-42 with additional 
references to alternative methods adopted by state and local control agencies in the 
WRAP region.  With regard to emission factor correction parameters, source 
extent/activity levels, control efficiencies for demonstrated control techniques, and 
emission reductions by natural mitigation and add-on control measures, sources of data 
are identified and default values are provided in tables throughout the handbook.  Graphs, 
charts, and tables are provided throughout the handbook to assist the end user.   
 

The handbook: 
• compiles technical and policy evaluations for the benefit of WRAP members, 

stakeholders, and other interested parties when addressing specific air quality 
issues and when developing regional haze implementation plans; 

• incorporates available information from both the public (federal, state and 
local air quality agencies) and private sectors (e.g., reports addressing options 
to reduce fugitive dust emissions in areas of the country classified as 
nonattainment for PM10); and 

• serves as a comprehensive reference resource tool of currently available 
technical information on emission estimation methodologies and control 
measures for the following eight fugitive dust source categories:  agricultural 
tilling, construction and demolition, materials handling, paved roads, and 
unpaved roads as well as windblown dust emissions from agricultural fields, 
material storage piles, and exposed open areas. 

 
The material in the handbook and posted on the website will be updated at regular 

intervals as new information becomes available.  This handbook is not intended  to 
suggest any preferred method to be used by stakeholders in preparation of SIPs and/or 
Conformity analyses but rather to outline the most commonly adopted methodologies 
currently used in the US.  The information contained in this handbook has been derived 
from a variety of sources each with its own accuracy and use limitations.  Because many 
formulae and factors incorporate default values that have been derived for average US 
conditions, area specific factors should be used whenever they are available.  
Additionally, the input terms (commonly referred to as “correction factors”) used in any 
given emission factor equation presented in this handbook were obtained using a specific 
test methodology and are designed to give an estimate of the emission from a specific 
activity or source under specific conditions.  As a result the emission estimate must be 
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used appropriately in any downstream application such as dispersion modeling of 
primary PM emissions. 
 

It is important to note that EPA’s criteria for exceedances, violations, and model 
calibration and validation are  based on ambient  data from the National Ambient Air 
Monitoring Sites.  It should be further noted that estimates of the relative contribution of 
fugitive dust to ambient PM concentrations based on chemical analysis of exposed filters 
are usually much lower than that based on emission inventory estimates, in some cases by 
a factor of 4.  Part of this discrepancy between ambient measurements and emission 
estimates is due to the near source deposition losses of freshly generated fugitive dust 
emissions.  It is not an objective of this handbook to resolve this modeling discrepancy 
issue.  It is the  role of  modelers to incorporate deposition losses into their dispersion 
models and to account for the formation of secondary PM, which in many areas of the 
country are responsible for an overwhelming contribution to exceedances of the federal 
PM NAAQS. 
 
Applicability to Tribes 
 

The Regional Haze Rule explicitly recognizes the authority of tribes to implement the 
provisions of the Rule, in accordance with principles of Federal Indian law, and as 
provided by the Clean Air Act §301(d) and the Tribal Authority Rule (TAR) (40 CFR 
§§49.1– .11).  Those provisions create the following framework: 

 

1. Absent special circumstances, reservation lands are not subject to state jurisdiction. 
 
2. Federally recognized tribes may apply for and receive delegation of federal authority to 
implement CAA programs, including visibility regulation, or "reasonably severable" 
elements of such programs (40 CFR §§49.3, 49.7).  The mechanism for this delegation is 
a Tribal Implementation Plan (TIP).  A reasonably severable element is one that is not 
integrally related to program elements that are not included in the plan submittal, and is 
consistent with applicable statutory and regulatory requirements.   
 
3. The Regional Haze Rule expressly provides that tribal visibility programs are “not 
dependent on the strategies selected by the state or states in which the tribe is located” 
(64. Fed. Reg. 35756), and that the authority to implement §309 TIPs extends to all tribes 
within the GCVTC region (40 CFR §51.309(d)(12). 
 
4. The EPA has indicated that under the TAR tribes are not required to submit §309 TIPs 
by the end of 2003; rather they may choose to opt-in to §309 programs at a later date (67 
Fed. Reg. 30439). 
 
5. Where a tribe does not seek delegation through a TIP, EPA, as necessary and 
appropriate, will promulgate a Federal Implementation Plan (FIP) within reasonable 
timeframes to protect air quality in Indian country (40 CFR  §49.11).  EPA is committed 
to consulting with tribes on a government to government basis in developing tribe-
specific or generally applicable TIPs where necessary (see, e.g., 63 Fed. Reg.7263-64). 
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It is our hope that the finding and recommendations of this product will prove useful to 
tribes, whether they choose to submit full or partial 308 or 309 TIPs, or work with EPA 
to develop FIPs.  We realize that the amount of modification necessary will vary 
considerably from tribe to tribe.   The authors have striven to ensure that all references to 
tribes in the document are consistent with principles of tribal sovereignty and autonomy 
as reflected in the above framework.  Any inconsistency with this framework is strictly 
inadvertent and not an attempt to impose requirements on tribes which are not present 
under existing law. 
 

Tribes, along with states and federal agencies, are full partners in the WRAP, having 
equal representation on the WRAP Board as states.  Whether Board members or not, it 
must be remembered that all tribes are governments, as distinguished from the 
“stakeholders” (private interest) which participate on Forums and Committees but are not 
eligible for the Board.   Despite this equality of representation on the Board, tribes are 
very differently situated than states.  There are over four hundred federally recognized 
tribes in the WRAP region, including Alaska.  The sheer number of tribes makes full 
participation impossible.  Moreover, many tribes are faced with pressing environmental, 
economic, and social issues, and do not have the resources to participate in an effort such 
as the WRAP, however important its goals may be.  These factors necessarily limit the 
level of tribal input into and endorsement of WRAP products. 
 

The tribal participants in the WRAP, including Board members, Forum and 
Committee members and co-chairs, make their best effort to ensure that WRAP products 
are in the best interest of the tribes, the environment, and the public.  One interest is to 
ensure that WRAP policies, as implemented by states and tribes, will not constrain the 
future options of tribes who are not involved in the WRAP.  With these considerations 
and limitations in mind, the tribal participants have joined the state, federal, and private 
stakeholder interests in approving this handbook as a consensus document. 
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EXECUTIVE SUMMARY 
 

This fugitive dust handbook addresses the estimation of uncontrolled fugitive dust 
emissions and emission reductions achieved by demonstrated control techniques for eight 
major fugitive dust source categories.  The handbook focuses on fugitive dust emissions 
“at the source” and does not evaluate factors related to the transport and impact of 
emissions on downwind locations where ambient air monitoring occurs.  The methods for 
estimating emissions draw (a) from established methods published by the USEPA, 
specifically AP-42:  Compilation of Air Pollutant Emission Factors that are available 
from the Internet (www.epa.gov/ttn/chief/ap42), and (b) from alternate methods adopted 
by state and local air control agencies in the WRAP region such as the California Air 
Resources Board (www.arb.ca.gov/ei/areasrc/areameth.htm), Clark County, Nevada 
(www.co.clark.nv.us/air_quality), and Maricopa County, Arizona 
(www.maricopa.gov/envsvc/air).  Sources of data are identified and default values for 
emission factor correction parameters, source extent/activity levels, control efficiencies, 
and emission reductions by natural mitigation and add-on control measures are provided 
in tables throughout the handbook.   

 
The handbook has several distinct features that give it a major advantage over the use 

of AP-42 or other resource documents.  The handbook is a comprehensive document that 
contains all the necessary information to develop control strategies for major sources of 
fugitive dust.  These features include: 

 
• extensive documentation of emission estimation methods adopted by both federal 

and state agencies as well as methods in the “developmental” stage; 
• detailed discussion of demonstrated control measures; 
• lists of published control efficiencies for a large number of fugitive dust control 

measures; 
• example regulatory formats adopted by state and local agencies in the WRAP 

region; 
• compliance tools to assure that the regulations are being followed; and 
• a detailed methodology for calculating the cost-effectiveness of different fugitive 

dust control measures, plus sample calculations for control measure cost-
effectiveness for each fugitive dust source category. 

 
The handbook and associated website (www.wrapair.org/forums/dejf/fdh) are 

intended to: 
 
• support technical and policy evaluations by WRAP members, stakeholders, and 

other interested parties when addressing specific air quality issues and when 
developing regional haze implementation plans; 

 
• incorporate available information from both the public and private sectors that 

address options to reduce fugitive dust emissions in areas of the country classified 
as nonattainment for PM10; and 
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• provide a comprehensive resource on emission estimation methodologies and 
control measures for the following eight fugitive dust source categories:  
agricultural tilling, construction and demolition, materials handling, paved roads, 
and unpaved roads as well as windblown dust emissions from agricultural fields, 
material storage piles, and exposed open areas. 

 
The handbook contains separate, stand-alone chapters for each of the eight fugitive 

dust source categories identified above.  Each chapter contains a discussion of 
characterization of the source emissions, established emissions estimation methodologies, 
demonstrated control techniques, regulatory formats, compliance tools, a sample control 
measure cost-effectiveness calculation, and references.  A series of appendices are also 
included in the handbook.  Appendix A contains a discussion of test methods used to 
quantify fugitive dust emission rates.  Appendix B includes a summary of emission 
estimation methods developed by various groups for several fugitive dust source 
categories not addressed in the main body of the handbook.  (Note:  These other source 
categories were not included in the original scope of work, but were added later for 
completeness.)  Appendix B also includes a summary of emission estimation methods for 
categories addressed in the handbook that either are still in the developmental stage and 
have not been approved by federal or state agencies, or were developed many years ago 
and have fallen out of favor.  Appendix C contains a step-wise method to calculate the 
cost-effectiveness of different fugitive dust control measures. 

 
A list of fugitive dust control measures that have been implemented by jurisdictions 

designated by the USEPA as nonattainment for federal PM10 standards is presented in 
the table below.  The published PM10 control efficiencies for different fugitive dust 
control measures vary over relatively large ranges as reflected in the table.  The user of 
the handbook is cautioned to review the assumptions included in the original publications 
(i.e., references identified in each chapter of the handbook) before selecting a specific 
PM10 control efficiency for a given control measure.  It should be noted that Midwest 
Research Institute found no significant differences in the measured control efficiencies 
for the PM2.5 and PM10 size fractions of unpaved road emissions based on repeated field 
measurements of uncontrolled and controlled emissions.  Thus, without actual published 
PM2.5 control efficiencies, the user may wish to utilize the published PM10 values for 
both size fractions. 

 
Many control cost-effectiveness estimates were reviewed in preparation of this 

handbook.  Some of these estimates contain assumptions that are difficult to substantiate 
and often appear unrealistic.  Depending on which assumptions are used, the control cost-
effectiveness estimates can vary by one to two orders of magnitude.  Thus, rather than 
presenting existing cost-effectiveness estimates, the handbook presents a detailed 
methodology to calculate the cost-effectiveness of different fugitive dust control 
measures.  This methodology is presented in Appendix C.  The handbook user is advised 
to calculate the cost-effectiveness values for different fugitive dust control options based 
on current cost data and caveats that are applicable to the particular situation. 
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Fugitive Dust Control Measures Applicable for the WRAP Region 
Source Category Control Measure Published 

PM10 Control 
Efficiency 

Reduce tilling during high winds 1 – 5% 
Roughen surface 15 – 64% 
Modify equipment 50% 
Employ sequential cropping 50% 
Increase soil moisture 90% 

Agricultural Tilling 

Use other conservation management practices 25 - 100% 
Water unpaved surfaces 10 – 74% 
Limit on-site vehicle speed to 15 mph 57% 
Apply dust suppressant to unpaved areas 84% 

Construction/Demolition 

Prohibit activities during high winds 98% 
Materials Handling Implement wet suppression 50 – 70% 

Sweep streets 4 – 26% 
Minimize trackout 40 – 80% 

Paved Roads 

Remove deposits on road ASAP >90% 
Limit vehicle speed to 25 mph 44% 
Apply water 10 – 74% 
Apply dust suppressant  84% 

Unpaved Roads 
 
 
 Pave the surface >90% 

Plant trees or shrubs as a windbreak 25% 
Create cross-wind ridges 24 – 93% 
Erect artificial wind barriers 4 – 88% 
Apply dust suppressant or gravel 84% 
Revegetate; apply cover crop 90% 

Wind Erosion 
(agricultural, open area, 
and storage piles) 

Water exposed area before high winds 90% 
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This chapter describes the purpose for the preparation of this fugitive dust handbook; 
presents a brief overview/primer on fugitive dust that includes a summary of factors 
affecting dust emissions, an overview of emission calculation procedures (including a 
discussion of emission factors), and a discussion of options for controlling emissions; and 
summarizes the organizational structure of the handbook. 
 
1.1  Background 
 

Most of the more than 70 areas of the United States that have been unable to attain 
the national ambient-air quality standards (NAAQS) for PM10 (particles smaller than 10 
ìm in aerodynamic diameter) are in western states with significant emission contributions 
from fugitive dust sources.  Fugitive dust sources may be separated into two broad 
categories:  process sources and open dust sources.  Process sources of fugitive emissions 
are those associated with industrial operations such as rock crushing that alter the 
characteristics of a feed material.  Open dust sources are those that generate non-ducted 
emissions of solid particles by the forces of wind or machinery acting on exposed 
material.  Open dust sources include industrial sources of particulate emissions associated 
with the open transport, storage, and transfer of raw, intermediate, and waste aggregate 
materials, and nonindustrial sources such as unpaved roads and parking lots, paved streets 
and highways, heavy construction activities, and agricultural tilling.   

 
On a nationwide basis, fugitive dust consists mostly of soil and other crustal 

materials.  However, fugitive dust may also be emitted from powdered or aggregate 
materials that have been placed in open storage piles or deposited on the ground or 
roadway surfaces by spillage or vehicle trackout.  Dust emissions from paved roadways 
contain tire and break wear particles in addition to resuspended road surface dust 
composed mostly of crustal geological material. 

 
Generic categories of open dust sources include: 
 

• Agricultural Tilling 
• Construction and Demolition 

Buildings 
Roads 

• Materials Handling 
Batch drop (dumping) 
Continuous drop (conveyor transfer, stacking) 
Pushing (dozing, grading, scraping) 

• Paved Travel Surfaces 
Streets and highways 
Parking lots and staging areas 

• Unpaved Travel Surfaces 
Roads 
Parking lots and staging areas 

• Wind Erosion of Exposed Areas 
Agricultural Fields 
Open Areas (vacant lots, desert land, unpaved surfaces) 
Storage Piles 



 1-2

 
1.2  Purpose of the Handbook 

 
In early 2004 the Western Regional Air Partnership’s (WRAP) Dust Emissions Joint 

Forum (DEJF) selected the Countess Environmental project team composed of senior 
scientists/consultants from Countess Environmental and Midwest Research Institute to 
prepare a fugitive dust handbook and a website (www.wrapair.org/forums/dejf/fdh) for 
accessing the information contained in the handbook.  The handbook and website are 
intended to: 

• be used for technical and policy evaluations by WRAP members, stakeholders, 
and other interested parties when addressing specific air quality issues and when 
developing regional haze implementation plans; 

• incorporate available information from both the public and private sectors that 
address options to reduce fugitive dust emissions in areas of the country classified 
as nonattainment for PM10; and 

• serve as a comprehensive reference resource tool that will provide technical 
information on emission estimation methodologies and control measures for the 
following eight fugitive dust source categories:  agricultural tilling, construction 
and demolition, materials handling, and travel on paved and unpaved roads as 
well as windblown dust emissions from agricultural fields, open areas of disturbed 
vacant land, and material storage piles. 

 
The handbook and website will be updated as new information becomes available in 

the future.  Additional fugitive dust source categories will be addressed in these future 
revisions. 

 
1.3  Factors Affecting Dust Emissions 
 
1.3.1  Mechanically Generated Dust 
 

Mechanically generated emissions from open dust sources exhibit a high degree of 
variability from one site to another, and emissions at any one site tend to fluctuate 
widely.  The site characteristics which cause these variations may be grouped into (a) 
properties of the exposed surface material from which the dust originates, and (b) 
measures of energy expended by machinery interacting with the surface.  These site 
characteristics are discussed below. 
 

Surface Material Texture and Moisture.  The dry-particle size distribution of the 
exposed soil or surface material determines its susceptibility to mechanical entrainment.  
The upper size limit for particles that can become suspended has been estimated at 
~ 75 ìm in aerodynamic diameter.1  Conveniently, 75 ìm in physical diameter is also the 
smallest particle size for which size analysis by dry sieving is practical.2  Particles 
passing a 200-mesh screen on dry sieving are termed “silt”.  Note that for fugitive dust 
particles, the physical diameter and aerodynamic diameter are roughly equivalent because 
of the offsetting effects of higher density and irregular shape.  Dust emissions are known 
to be strongly dependent on the moisture level of the mechanically disturbed material.1  
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Water acts as a dust suppressant by forming cohesive moisture films among the discrete 
grains of surface material.  In turn, the moisture level depends on the moisture added by 
natural precipitation, the moisture removed by evaporation, and moisture movement 
beneath the surface.  The evaporation rate depends on the degree of air movement over 
the surface, material texture and mineralogy, and the degree of compaction or crusting.  
The moisture-holding capacity of the air is also important, and it correlates strongly with 
the surface temperature.  Vehicle traffic intensifies the drying process primarily by 
increasing air movement over the surface. 
 

Mechanical Equipment Characteristics.  In addition to the material properties 
discussed above, it is clear that the physical and mechanical characteristics of materials 
handling and transport equipment also affect dust emission levels.  For example, visual 
observation suggests (and field studies have confirmed) that vehicle emissions per unit of 
unpaved road length increase with increasing vehicle speed.1  For traffic on unpaved 
roads, studies have also shown positive correlations between emissions and (a) vehicle 
weight and (b) number of wheels per vehicle.3  Similarly, dust emissions from materials-
handling operations have been found to increase with increasing wind speed and drop 
distance. 
 
1.3.2  Wind Generated Dust 

 
Wind-generated emissions from open dust sources also exhibit a high degree of 

variability from one site to another, and emissions at any one site tend to fluctuate 
widely.  The site characteristics which cause these variations may be grouped into 
(a) properties of the exposed surface material from which the dust originates, and 
(b) measures of energy expended by wind interacting with the erodible surface.  These 
site characteristics are discussed below. 
 

Surface Material Texture and Moisture.  As in the case of mechanical 
entrainment, the dry-particle size distribution of the exposed soil or surface material 
determines its susceptibility to wind erosion.  Wind forces move soil particles by three 
transport modes: saltation, surface creep, and suspension.  Saltation describes particles, 
ranging in diameter from about 75 to 500 ìm, that are readily lifted from the surface and 
jump or bounce within a layer close to the air-surface interface.  Particles transported by 
surface creep range in diameter from about 500 to 1,000 ìm.  These large particles move 
very close to the ground, propelled by wind stress and by the impact of small particles 
transported by saltation.  Particles smaller than about 75 ìm in diameter move by 
suspension and tend to follow air currents.  As stated above, the upper size limit of silt 
particles (75 ìm in physical diameter) is roughly the smallest particle size for which size 
analysis by dry sieving is practical.  The threshold wind speed for the onset of saltation, 
which drives the wind erosion process, is also dependent on soil texture, with 100-150 
ìm particles having the lowest threshold speed.  Saltation provides energy for the release 
of particles in the PM10 size range that typically are bound by surface forces to larger 
clusters.  Dust emissions from wind erosion are known to be strongly dependent on the 
moisture level of the erodible material.4  The mechanism of moisture mitigation is the 
same as that described above for mechanical entrainment. 
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Nonerodible Elements.  Nonerodible elements, such as clumps of grass or stones 
(larger than about 1 cm in diameter) on the surface, consume part of the shear stress of 
the wind which otherwise would be transferred to erodible soil.  Surfaces impregnated 
with a large density of nonerodible elements behave as having a “limited reservoir” of 
erodible particles, even if the material protected by nonerodible elements is itself highly 
erodible.  Wind-generated emissions from such surfaces decay sharply with time, as the 
particle reservoir is depleted.  Surfaces covered by unbroken grass are virtually 
nonerodible. 
 

Crust Formation.  Following the wetting of a soil or other surface material, fine 
particles will move to form a surface crust.  The surface crust acts to hold in soil moisture 
and resist erosion.  The degree of protection that is afforded by a soil crust to the 
underlying soil may be measured by the modulus of rupture (roughly a measure of the 
hardness of the crust) and thickness of the crust.5  Exposed soil that lacks a surface crust 
(e.g., a disturbed soil or a very sandy soil) is much more susceptible to wind erosion. 
 

Frequency of Mechanical Disturbance.  Emissions generated by wind erosion are 
also dependent on the frequency of disturbance of the erodible surface.  A disturbance is 
defined as an action which results in the exposure of fresh surface material.  This would 
occur whenever a layer of aggregate material is either added to or removed from the 
surface.  The disturbance of an exposed area may also result from the turning of surface 
material to a depth exceeding the size of the largest material present.  Each time that a 
surface is disturbed, its erosion potential is increased by destroying the mitigative effects 
of crusts, vegetation, and friable nonerodible elements, and by exposing new surface 
fines. 
 

Wind Speed.  Under high wind conditions that trigger wind erosion by exceeding 
the threshold velocity, the wind speed profile near the erodible surface is found to follow 
a logarithmic distribution:6 

 
 (1) 
 
where: u = wind speed (cm/s) 
 u* = friction velocity (cm/s) 
 z  = height above test surface (cm) 
 z0 = roughness height (cm) 
 0.4 = von Karman’s constant (dimensionless) 
 

The friction velocity (u*) is a measure of wind shear stress on the erodible surface, 
as determined from the slope of the logarithmic velocity profile.  The roughness height 
(z0) is a measure of the roughness of the exposed surface as determined from the y-
intercept of the velocity profile (i.e., the height at which the wind speed is zero) on a 
logarithmic-linear graph.  Agricultural scientists have established that total soil loss by 
continuous wind erosion of highly erodible fields is dependent roughly on the cube of 
wind speed above the threshold velocity.4  More recent work has shown that the loss of 
particles in suspension mode follows a similar dependence.  Soils protected by 
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nonerodible elements or crusts exhibit a weaker dependence of suspended particulate 
emissions on wind speed.7 
 

Wind Gusts.  Although mean atmospheric wind speeds may not be sufficient to 
initiate wind erosion from a particular “limited-reservoir” surface, wind gusts may 
quickly deplete a substantial portion of its erosion potential.  In addition, because the 
erosion potential (mass of particles constituting the “limited reservoir”) increases with 
increasing wind speed above the threshold velocity, estimated emissions should be 
related to the gusts of highest magnitude.  The current meteorological variable which 
appropriately reflects the magnitude of wind gusts is the fastest 2-minute wind speed 
from the “First Order Summary of the Day,” published by the U.S. Weather Service for 
first order meteorological stations.8  The quantity represents the wind speed 
corresponding to the largest linear passage of wind movement during a 2-minute period.  
Two minutes is approximately the same duration as the half-life of the erosion process 
(i.e., the time required to remove one-half the erodible particles on the surface).  It should 
be noted that instantaneous peak wind speeds can significantly exceed the fastest 2-
minute wind speed.  Because the threshold wind speed must be exceeded to trigger the 
possibility of substantial wind erosion, the dependence of erosion potential on wind speed 
cannot be represented by any simple linear function.  For this reason, the use of an 
average wind speed to calculate an average emission rate is inappropriate. 
 

Wind Accessibility.  If the erodible material lies on an exposed area with little 
penetration into the surface wind layer, then the material is uniformly accessible to the 
wind.  If this is not the case, it is necessary to divide the erodible area into subareas 
representing different degrees of exposure to wind.  For example, the results of physical 
modeling show that the frontal face of an elevated materials storage pile is exposed to 
surface wind speeds of the same order as the approach wind speed upwind of the pile at a 
height matching the top of the pile;9 on the other hand, the leeward face of the pile is 
exposed to much lower wind speeds. 
 
1.4  Emission Calculation Procedure 
 

A calculation of the estimated emission rate for a given source requires data on 
source extent, uncontrolled emission factor, and control efficiency.  The mathematical 
expression for this calculation is given as follows: 
 

 R = SE e (1 - c) (2) 
 
where: R = estimated mass emission rate in the specified particle size range 
 SE = source extent 
 e = uncontrolled emission factor in the specified particle size range         

(i.e., mass of uncontrolled emissions per unit of source extent) 
 c =  fractional efficiency of control 
 

The source extent (activity level) is the appropriate measure of source size or the 
level of activity which is used to scale the uncontrolled emission factor to the particular 
source in question.  For process sources of fugitive particulate emissions, the source 
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extent is usually the production rate (i.e., the mass of product per unit time).  Similarly, 
the source extent of an open dust source entailing a batch or continuous drop operation is 
the rate of mass throughput.  For other categories of open dust sources, the source extent 
is related to the area of the exposed surface which is disturbed by either wind or 
mechanical forces.  In the case of wind erosion, the source extent is simply the area of 
erodible surface.  For emissions generated by mechanical disturbance, the source extent is 
also the surface area (or volume) of the material from which the emissions emanate.  For 
vehicle travel, the disturbed surface area is the travel length times the average daily 
traffic (ADT) count, with each vehicle having a disturbance width equal to the width of a 
travel lane. 

 
If an anthropogenic control measure (e.g., treating the surface with a chemical binder 

which forms an artificial crust) is applied to the source, the uncontrolled emission factor 
in Eq. 1-2 must be multiplied by an additional term to reflect the resulting fractional 
control.  In broad terms, anthropogenic control measures can be considered as either 
continuous or periodic, as the following examples illustrate: 
 

Continuous controls Periodic controls 
Wet suppression at conveyor 
transfer points 

Watering or chemical treatment of 
unpaved roads 

Enclosures/wind fences 
around storage piles 

Sweeping of paved travel surfaces 

Continuous vegetation of 
exposed areas 

Chemical stabilization of exposed 
areas 

 
The major difference between the two types of controls is related to the time 

dependency of performance.  For continuous controls, efficiency is essentially constant 
with respect to time.  On the other hand, the efficiency associated with periodic controls 
tends to decrease (decay) with time after application until the next application, at which 
time the cycle repeats but often with some residual effects from the previous application. 

 
In order to quantify the performance of a specific periodic control, two measures of 

control efficiency are required.  The first is “instantaneous” control efficiency and is 
defined by: 
 
  (3) 
 
where: c(t) = instantaneous control efficiency (percent) 
 ec(t) = instantaneous emission factor for the controlled source 
 eu = uncontrolled emission factor 
 t = time after control application 
 

The other important measure of periodic control performance is average efficiency, 
defined as: 
 
  (4) 
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where: c(t) = instantaneous control efficiency at time t after application (percent) 
 T = time period over which the average control efficiency is referenced 
 

The average control efficiency is needed to estimate the emission reductions due to 
periodic applications.   

 
1.5  Emission Factors 
 

Early in the USEPA field testing program to develop emission factors for fugitive 
dust sources, it became evident that uncontrolled emissions within a single generic source 
category may vary over two (or more) orders of magnitude as a result of variations in 
source conditions (equipment characteristics, material properties, and climatic 
parameters).  Therefore, it would not be feasible to represent an entire generic source 
category in terms of a single-valued emission factor, as traditionally used by the USEPA 
to describe average emissions from a narrowly defined ducted source operation.  In other 
words, it would take a large matrix of single-valued factors to adequately represent an 
entire generic fugitive dust source category.  In order to account for emissions variability, 
therefore, the approach was taken that fugitive dust emission factors be constructed as 
mathematical equations for sources grouped by the dust generation mechanisms.  The 
emission factor equation for each source category would contain multiplicative correction 
parameter terms that explain much of the variance in observed emission factor values on 
the basis of variances in specific source parameters.  Such factors would be applicable to 
a wide range of source conditions, limited only by the extent of experimental verification.  
For example, the use of the silt content as a measure of the dust generation potential of a 
material acted on by the forces of wind or machinery proved to be an important step in 
extending the applicability of the emission factor equations to a wide variety of aggregate 
materials of industrial importance. 

 
A compendium of emission factors (referred to as AP-42) is maintained on a CD-

ROM (Air Chief Version 11, 200410) by the U.S. Environmental Protection Agency.  
Chapter 13 of AP-42 contains the predictive emission factor equations for fugitive dust 
sources.  Also with each equation is provided a set of particle size multipliers for 
adjusting the calculated emission factors to specific particle size fractions.  The ratios of 
PM2.5 to PM10 published in AP-42 typically range from 0.15 to 0.25; however, recent 
field studies indicate that the ratios may be as low as 0.06 to 0.10.  The DEJF plans to 
fund a series of controlled laboratory tests during 2005 to quantify the PM2.5/PM10 ratio 
for several resuspended soils. 
 

Example:  Vehicle Traffic on Unpaved Roads.  For the purpose of estimating 
uncontrolled emissions, the AP-42 emission factor equation applicable to vehicle traffic 
on publicly accessible unpaved roads takes source characteristics into consideration: 
 

 E = 1.8 (s/12) (S/30)0.5 / (M/0.5)0.2 - C (5) 

where: E = PM10 emission factor (lb/VMT) 
 s = surface material silt content (%) 
 S = mean vehicle speed (mph) 
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 M = surface material moisture content (%) 
 C = emission factor for 1980’s vehicle fleet exhaust, plus break/tire wear 
 

The denominators in each of the multiplicative terms of the equation constitute 
normalizing default values, in case no site-specific correction parameter data are 
available.  The default moisture content represents dry (worst-case) road conditions.  
Extrapolation to annual average uncontrolled emission estimates (including natural 
mitigation) is accomplished by assuming that emissions are occurring at the estimated 
rate on days without measurable precipitation and, conversely, are absent on days with 
measurable precipitation. 
 
1.6  Emission Control Options 
 

Typically, there are several options for the control of fugitive particulate emissions 
from any given source.  This is clear from Equation 1-2 used to calculate the emission 
rate.  Because the uncontrolled emission rate is the product of the source extent and the 
uncontrolled emission factor, a reduction in either of these two variables produces a 
proportional reduction in the uncontrolled emission rate.  In the case of open sources, the 
reduction in the uncontrolled emission factor may be achieved by adjusted “work 
practices”.  The degree of the reduction of the uncontrolled emission factor can be 
estimated from the known dependence of the factor on source conditions that are subject 
to alteration.  For open dust sources, this information is embodied in the predictive 
emission factor equations for fugitive dust sources as presented in Section 13 of AP-42.  
The reduction of source extent and the incorporation of adjusted work practices which 
reduce the amount of exposed dust-producing material are preventive measures for the 
control of fugitive dust emissions. 

 
Add-on controls can also be applied to reduce emissions by reducing the amount 

(areal extent) of dust-producing material, other than by cleanup operations.  For example, 
the elimination of mud/dirt carryout onto paved roads at construction and demolition sites 
is a cost-effective preventive measure.  On the other hand, mitigative measures involve 
the periodic removal of dust-producing material.  Examples of mitigative measures 
include: cleanup of spillage on travel surfaces (paved and unpaved) and cleanup of 
material spillage at conveyor transfer points.  Mitigative measures tend to be less 
favorable from a cost-effectiveness standpoint. 

 
Periodically applied control techniques for open dust sources begin to decay in 

efficiency almost immediately after implementation.  The most extreme example of this 
is the watering of unpaved roads, where the efficiency decays from nearly 100% to 0% in 
a matter of hours.  On the other hand, the effects of chemical dust suppressants applied to 
unpaved roads may last for several months.  Consequently, to describe the performance 
of most intermittent control techniques for open dust sources, the “time-weighted 
average” control efficiency must be reported along with the time period over which the 
value applies.  For continuous control systems (e.g., wet suppression for continuous drop 
materials transfer), a single control efficiency is usually appropriate. 
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Table 1-1 lists fugitive dust control measures that have been judged to be generally 
cost-effective for application to metropolitan areas unable to meet PM10 standards.  The 
most highly developed performance models available apply to application of chemical 
suppressants on unpaved roads.  These models relate the expected instantaneous control 
efficiency to the application parameters (application intensity and dilution ratio) and to 
the number of vehicle passes (rather than time) following the application.  More details 
on available dust control measure performance and cost are presented by Cowherd et al. 
(1988)11 and Cowherd (1991)12. 
 

Table 1-1.  Controls for Fugitive Dust Sources 
Source category Control action 

Agricultural Tilling Conservation management practices 

Construction/Demolition Paving permanent roads early in project 
Covering haul trucks 
Access apron construction and cleaning 
Watering of graveled travel surfaces 

Materials Handling Wet suppression 

Paved Roads Water flushing/sweeping 
Improvements in sanding/salting applications 
and materials 
Covering haul trucks 
Prevention of trackout 
    Curb installation 
    Shoulder stabilization 

Unpaved Roads Paving 
Chemical stabilization 
Surface improvement (e.g., gravel) 
Vehicle speed reduction 
 

Wind Erosion (agricultural, open area, and 
storage pile) 

Revegetation 
Limitation of off-road vehicle traffic 

 
1.7  Document Organization 
 

The handbook contains separate, stand-alone chapters for each fugitive dust source 
category with the chapters grouped into two broad categories, mechanically generated 
fugitive dust and wind generated fugitive dust, as follows: 

• Group I.  Mechanically Generated Fugitive Dust 
Agricultural Tilling (Chapter 2) 
Construction and Demolition (Chapter 3) 
Materials Handling (Chapter 4) 
Paved Roads (Chapter 5) 
Unpaved roads (Chapter 6) 

• Group II.  Wind Generated Fugitive Dust 
Agricultural Wind Erosion (Chapter 7) 
Open Area Wind Erosion (Chapter 8) 
Storage Pile Wind Erosion (Chapter 9) 
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Each chapter contains the following subsections: 
• Characterization of Source Emissions 
• Emissions Estimation:  Primary Methodology (generally from AP-42) 
• Emissions Estimation:  Alternate Methodology (if available; e.g., CARB) 
• Demonstrated Control Techniques 
• Regulatory Formats 
• Compliance Tools 
• Sample Cost-Effectiveness Calculation 
• References 

 
A glossary and a series of Appendices are included in the handbook.  Appendix A 

contains a discussion of two basic test methods used to quantify fugitive dust emission 
rates, namely:   

• The upwind-downwind method that involves the measurement of upwind and 
downwind particulate concentrations, utilizing ground-based samplers under 
known meteorological conditions, followed by a calculation of the source strength 
(mass emission rate) with atmospheric dispersion equations; and 

• The exposure-profiling method that involves simultaneous, multipoint 
measurements of particulate concentration and wind speed over the effective cross 
section of the plume, followed by a calculation of the net particulate mass flux 
through integration of the plume profiles. 

 
Appendix B includes a summary of emission estimation methods developed by 

various groups for several fugitive dust source categories not addressed in the main body 
of the handbook.  It also includes a summary of emission estimation methods for 
categories addressed in the handbook that are still in the “developmental” stage and have 
not been approved by federal or state agencies, or were developed many years ago and 
have fallen out of favor.  The emission estimation methods discussed in Appendix B 
include: 

• an early USEPA method for agricultural tilling, 
• an early USEPA method and a California Air Resources Board (CARB) method 

for agricultural harvesting, 
• a CARB method for cattle feedlots, 
• emission estimation methods developed by AeroVironment for miscellaneous 

minor fugitive dust sources (leaf blowers, equestrian centers, landfills, and truck 
wake turbulence of unpaved shoulders), 

• an early USEPA method for active storage pile wind erosion, 
• an early USEPA method for uncovered haul trucks, 
• a Desert Research Institute (DRI) method for unpaved shoulders, and 
• four methods for open area wind erosion:  the Draxler method, the UNLV 

method, the Great Basin Unified APCD method, and the DEJF method. 
 
Appendix B also includes a discussion of a method developed by DRI to measure the 

silt content for paved roads.  Because many of these methods have not been peer-
reviewed, the reader is cautioned against the use of the emission factors included in these 
methods. 
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Appendix C contains a step-wise methodology to calculate the cost-effectiveness of 

different fugitive dust control measures.  In compiling information regarding control cost-
effectiveness estimates (i.e., $ per ton of PM10 reduction) of different control options for 
the fugitive dust handbook, we discovered that many of the estimates provided in 
contractor reports prepared for air quality agencies for PM10 SIPs contain either hard to 
substantiate assumptions or unrealistic assumptions.  Depending on what assumptions are 
used, the control cost-effectiveness estimates can range over one to two orders of 
magnitude.  Consequently, the end user of the handbook would get a distorted view if we 
published these estimates.  Rather than presenting these published cost-effectiveness 
estimates, we have prepared a detailed methodology containing the steps to calculate 
cost-effectiveness that is included in Appendix C.  We recommend that the handbook 
user calculate the cost-effectiveness values for different fugitive dust control options 
based on current cost data and assumptions that are applicable for their particular 
situation. 
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The current version of AP-42 (i.e., the 5th edition) does not address agricultural tilling 
even though a PM10 emission factor for fugitive dust generated by agricultural tilling 
was developed by Midwest Research Institute in 1983 (see Appendix B) and adopted by 
the USEPA in their 4th edition of AP-42.  Thus, the methodology adopted by the 
California Air Resources Board (CARB) is presented as the primary emissions estimation 
methodology in lieu of an official EPA methodology for this fugitive dust source 
category.   
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This section was adapted from Section 7.4 of CARB’s Emission 
Inventory Methodology.  Section 7.4 was last updated in January 2003.
.1  Characterization of Source Emissions 

The agricultural tilling source category includes estimates of the airborne soil 
articulate emissions produced during the preparation of agricultural lands for planting 
nd after harvest activities.  Operations included in this methodology are discing, 
aping, chiseling, leveling, and other mechanical operations used to prepare the soil.  
ust emissions are produced by the mechanical disturbance of the soil by the implement 
sed and the tractor pulling it.  Soil preparation activities tend to be performed in the 
arly spring and fall months.  Particulate emissions from land preparation are computed 
y multiplying a crop specific emission factor by an activity factor.  The crop specific 
mission factors are calculated using operation specific (i.e., discing or chiseling) 
mission factors which are combined with the number of operations provided in the crop 
alendars.  The activity factor is based on the harvested acreage of each crop for each 
ounty in the state.  In addition, acre-passes are computed, which are the number of 
asses per acre that are typically needed to prepare a field for planting a particular crop.  
he particulate dust emissions produced by agricultural land preparation operations are 
stimated by combining the crop acreage and the operation specific emission factor. 

.2  Emission Estimation:  Primary Methodology1-5 

The particulate dust emissions from agricultural land preparation are estimated for 
ach crop in each county using the following equation. 

Emissionscrop = Emission Factorcrop x Acrescrop

hen the crop emissions for each county are summed to produce the county and statewide 
M10 and PM2.5 emission estimates.  The remainder of this section discusses each 
omponent of the above equation. 

Acres.  The acreage data used for estimating land preparation emissions are based on 
e state summary of crop acreage harvested.  The acreage data are subdivided by county 

nd crop type for the entire state, and are compiled from individual county agricultural 
ommissioner reports. 
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Crop Calendars and Acre-Passes.  Acre-passes (the total number of passes 
typically performed to prepare land for planting during a year) are used in computing 
crop specific emission factors for land preparation.  These land preparation operations 
may occur following harvest or closer to planting, and can include discing, tilling, land 
leveling, and other operations.  Each crop is different in the type of soil operations 
performed and when they occur.  For the crops that are not explicitly updated, an updated 
crop profile from a similar crop can be used.  For updating acre-pass data, it is also useful 
to collect specific information on when agricultural operations occur.  Using these data, it 
is possible to create detailed temporal profiles that help to indicate when PM emissions 
from land preparations may be highest. 
 

Emission Factor.  The operation specific PM10 emission factors used to estimate 
the crop specific emission factor for agricultural land preparations were initially extracted 
from a University of California Davis report.4  After discussions with regulators, 
researchers, and industry representatives, the emission factors were adjusted based on a 
combination of scientific applicability, general experience, and observations.  Five 
emission factors were developed by UC Davis using 1995 to 1998 test data measured in 
cotton and wheat fields in California.  The operations tested included root cutting, 
discing, ripping and subsoiling, land planing and floating, and weeding, which produced 
emission factors that are summarized in Table 2-1 below.  The PM2.5/PM10 ratio for 
agricultural tilling dust published by CARB is 0.222.5 

 
Table 2-1.  Land Preparation Operation Emission Factor 

Land preparation operations 
Emission factor  

(lbs PM10/acre-pass) 
Root cutting 0.3 

Discing, Tilling, Chiseling 1.2 

Ripping, Subsoiling 4.6 

Land Planing & Floating 12.5 

Weeding 0.8 

 
There are more than thirty different land preparation operations commonly used.  

With five emission factors available, the other operations can be assigned “best-fit” 
factors based on similar potential emission levels.  The assignment of emission factors for 
operations are based on the expertise and experience of regulators, researchers, and 
industry representatives.  For each crop, the emission factor is the sum of the acre-pass 
weighted emission factors for each land preparation operation. 
 

Assumptions and Limitations.  This methodology is subject to the following 
assumptions and limitations: 

 
1. The land preparation emission factors for discing, tilling, etc., are assumed to 

produce the same level of emissions, regardless of the crop type. 
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2. The land preparation emission factors do not change geographically for 
counties. 

3. A limited number of emission factors are assigned to all land preparation 
activities. 

4. Crop calendar data collected for test area (i.e., San Joaquin) crops and practices 
were extrapolated to the same crops in the remainder of the state.  Existing crop 
profiles were used for the small percentage of crops in which update information 
was not collected. 

5. In addition to the activities provided in the crop calendars, it is also assumed that 
field and row crop acreage receive a land planing pass once every five years. 

 
Temporal Activity.  Temporal activity is derived by summing, for each county, the 

monthly emissions from all crops.  For each crop, the monthly emissions are calculated 
based on its monthly crop calendar profile, which reflects the percentage of activities that 
occurs in that month.  An example of the monthly profile for almonds, cotton, and wine 
grapes is shown below in Table 2-2.  Because the crop composite differs by county, the 
monthly profiles for counties are different.  An example of a composite county monthly 
profile for Fresno County is shown below in Table 2-3. 
 

Table 2-2.  Monthly Activity Profile of Selected Crops 
Crops JAN FEB MAR APR MAY JUN JULY AUG SEP OCT NOV DEC

Almonds 0 0 0 0 0 0 0 0 0 0 50 50 
Cotton 0 9 9 0 0 0 0 0 0 0 41 41 
Grapes-wine 0 0 0 4 16 16 12 12 12 28 0 0 

 
Table 2-3.  County Land Preparation Profile Composite 

County JAN FEB MAR APR MAY JUN JULY AUG SEP OCT NOV DEC
Fresno 3 6 6 2 2 1 3 4 2 12 30 29 

 
2.3  Demonstrated Control Techniques 
 

The emission potential of agricultural land preparation operations, including soil 
tilling, is affected by the soil management and cropping systems that are in place.  Table 
2-4 presents a summary of demonstrated control measures and the associated PM10 
control efficiencies.  It is readily observed that reported control efficiencies for many of 
the control measures are highly variable.  This may reflect differences in the operations 
as well as the test methods used to determine control efficiencies. 
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Table 2-4.  Control Efficiencies for Control Measures for Agricultural Tilling6-10

Control measure 

PM10 
control 

efficiency References/Comments 
Equipment 
modification 

50% MRI, 1981.  Control efficiency is for electrostatically charged 
fine-mist water spray. 

Limited activity 
during a high-wind 
event 

1 - 5% SCAQMD, 1997.  Control efficiency assumes no tilling when 
wind speed exceeds 25 mph. 

35 - 50% Coates, 1994.  This study identified total PM10 emissions 
generated for five different cotton tillage systems, including 
conventional tilling.  Four of the systems combine several 
tillage operations (e.g., shredding, discing, mulching). 

60% MRI, 1981.  Control efficiency is for a minimum tillage 
technique that confines farm equipment and vehicle traffic to 
specific areas (for cotton and tomatoes). 

25 - 100% MRI, 1981; U.S. EPA, 1992.  Control efficiency is for 
application of herbicide which reduces need for cultivation 
(i.e., 25% for barley, alfalfa, and wheat; 100% for cotton, 
corn, tomatoes, and lettuce). 

30% MRI, 1981; U.S. EPA, 1992.  Control efficiency is for laser-
directed land plane which reduces the amount of land 
planing. 

50% MRI, 1981; U.S. EPA, 1992.  Control efficiency is for using 
“punch” planter instead of harrowing (for cotton, corn, and 
lettuce). 

50% MRI, 1981.  Control efficiency is for using “plug” planting that 
places plants more exactly and eliminates the need for 
thinning (for tomatoes, only). 

50% MRI, 1981; U.S. EPA, 1992.  Control efficiency is for aerial 
seeding which produces less dust than ground planting (for 
alfalfa and wheat). 

Reduced tillage 
system 

(Conservation 
Tilling) 

91 - 99% Grantz, et al. 1998.  Control efficiency is for revegetation of 
fallow agricultural lands by direct seeding.  

Tillage based on 
soil moisture 

90% MRI, 1981; U.S. EPA, 1992.  Control efficiency is for sprinkler 
irrigation as a fugitive dust control measure. Also, sprinkler 
irrigation could reduce the need for extensive land planing 
associated with surface irrigation. 

Sequential 
cropping 

50% MRI, 1981.  Control efficiency is for double cropping corn. 

Surface 
roughening 

15 - 64% Grantz et al, 1998.  Control efficiency is for increasing 
surface roughness using rocks and soil aggregates. 
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2.4  Regulatory Formats 
 

Fugitive dust control options have been embedded in many regulations for state and 
local agencies in the WRAP region.  Regulatory formats specify the threshold source size 
that triggers the need for control application.  Example regulatory formats for agricultural 
tilling downloaded from the Internet for several local air quality districts in California 
(www.arb.ca.gov/drdb/drdb.htm) are presented in Table 2-5.   
 

Table 2-5.  Example Regulatory Format for Agricultural Tilling 
Control measure Goal Threshold Agency 

Pre-activity requirements:  pre-watering, phasing of 
work, applying water during active ops 
 

Limit visible dust 
emissions to 20% 
opacity  

SJVAPCD Rule 8021 
11/15/2001 
 

Implement one of following during inactivity:  
restricting vehicle access or applying water or 
chemical stabilizers 

Sets stabilization 
requirements  

SJVAPCD Rule 8021 
11/15/2001 
 

Use mowing or cutting instead discing and maintain 
at least 3" stubble above soil (Also requires pre-
application of watering if discing for weed abatement   

SCAQMD Rule 403 
12/11/1998 
 

Cease of tilling or mulching 
 
 
  

Wind 
speeds 
greater than 
25 mph 

SCAQMD Rule 403.1 
1/5/1993 (Coachella 
Valley) 
 

 
2.5  Compliance Tools 
 

Compliance tools assure that the regulatory requirements, including application of 
dust controls, are being followed.  Three major categories of compliance tools are 
discussed below. 
 

Record keeping:  A compliance plan is typically specified in local air quality rules 
and mandates record keeping of source operation and compliance activities by the source 
owner/operator.  The plan includes a description of how a source proposes to comply 
with all applicable requirements, log sheets for daily dust control, and schedules for 
compliance activities and submittal of progress reports to the air quality agency.  The 
purpose of a compliance plan is to provide a consistent reasonable process for 
documenting air quality violations, notifying alleged violators, and initiating enforcement 
action to ensure that violations are addressed in a timely and appropriate manner. 
 

Site inspection:  This activity includes (1) review of compliance records, 
(2) proximate inspections (sampling and analysis of source material), and (3) general 
observations (e.g., observation of visible dust plume).  An inspector can use photography 
to document compliance with an air quality regulation. 
 

On-site monitoring:  EPA has stated that “An enforceable regulation must also 
contain test procedures in order to determine whether sources are in compliance.”  
Monitoring can include observation of visible plume opacity, surface testing for crust 
strength and moisture content, and other means for assuring that specified controls are in 
place. 
 

Compliance tools applicable to agricultural tilling are summarized in Table 2-6. 
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Table 2-6.  Compliance Tools for Agricultural Tilling 
Record keeping Site inspection/monitoring 

Tilling equipment types, activities, 
frequencies, speeds, and dates. 

Observation of dust plumes during 
periods of agricultural tilling. 

 
2.6  Sample Cost-Effectiveness Calculation 
 

This section is intended to demonstrate how to select a cost-effective control 
measure for agricultural tilling.  A sample cost-effectiveness calculation is presented 
below for a specific control measure (conservation tilling) to illustrate the procedure.  
The sample calculation includes the entire series of steps for estimating uncontrolled 
emissions (with correction parameters and source extent), controlled emissions, emission 
reductions, control costs, and control cost-effectiveness values for PM10 and PM2.5.  In 
selecting the most advantageous control measure for agricultural tilling, the same 
procedure is used to evaluate each candidate control measure (utilizing the control 
measure specific control efficiency and cost data), and the control measure with the most 
favorable cost-effectiveness and feasibility characteristics is identified. 
 

Sample Calculation for Agricultural Tilling 
 

Step 1.  Determine source activity and control application parameters. 
 

Field size (acres) 320 
Frequency of operations per year 4 
Control Measure Conservation tilling 
Control application/frequency Reduce 4 passes to 3 passes 
Control Efficiency 25% 

 
The field size and frequency of operations are assumed values, for illustrative 
purposes.  Conservation tilling has been chosen as the applied control measure.  
The control application/frequency and control efficiency are values determined 
from the proportional reduction in tilling frequency. 
 
Step 2.  Calculate Emission Factor.  The PM2.5 and PM10 emission factors are 
obtained from CARB, 2003.11 

 
PM2.5 Emission Factor  0.27 (lb/acre-pass) 
PM10 Emission Factor  1.2 (lb/acre-pass) 

 
Step 3.  Calculate Uncontrolled PM Emissions.  The emission factors (given in 
Step 2) are multiplied by the field size and the frequency of operations (both 
under activity data) and then divided by 2,000 lbs to compute the annual 
emissions in tons per year, as follows: 
 
 

Annual emissions = (Emission Factor x Field Size x Frequency of Ops)/2,000 
 

• Annual PM10 Emissions = (1.2 x 320 x 4)/2,000 = 0.77 tons 
• Annual PM2.5 Emissions = (0.27 x 320 x 4)/2,000 = 0.17 tons 
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Step 4.  Calculate Controlled PM Emissions.  The uncontrolled emissions 
(calculated in Step 3) are multiplied by the percentage that uncontrolled 
emissions are reduced, as follows: 
 

Controlled emissions = Uncontrolled emissions x (1 – Control Efficiency), 
where CE = 25% (as seen under activity data) 

 
For this example, we have selected conservation tilling as our control measure.  
Based on a control efficiency estimate of 25%, the annual controlled emissions 
are calculated to be: 
 

Annual Controlled PM10 emissions = (0.77 tons) x (1 – 0.25) = 0.58 tons 
Annual Controlled PM2.5 emissions = (0.17 tons) x (1 – 0.25) = 0.13 tons 

 
Step 5.  Determine Annual Cost to Control PM Emissions.   
 
The Annualized Cost of control is calculated by reducing the number of tilling 
passes from 4 to 3.  The cost of tilling is assigned a value of $10 per acre (WSU, 
199812).  The number of acres is multiplied by $10: 
 

Annualized Cost = 320 x 10 = –$3,200 
 
The annualized cost is negative, because the amount shown is considered to be 
saved, not spent. 
 
Step 6.  Calculate Cost-effectiveness.  Cost-effectiveness is calculated by 
dividing the annualized cost by the emissions reduction.  The emissions 
reduction is determined by subtracting the controlled emissions from the 
uncontrolled emissions:   
 

Cost-effectiveness = Annualized Cost/ (Uncontrolled emissions – Controlled 
emissions) 

 
Cost-effectiveness for PM10 emissions = $3,200/ (0.77 – 0.58) = –$16,700/ton 
Cost-effectiveness for PM2.5 emissions = $3,200/ (0.17 – 0.13) = –$80,000/ton 
 
The negative cost-effectiveness values indicate a cost savings. 
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3.1  Characterization of Source Emissions 
 

Heavy construction is a source of dust emissions that may have a substantial 
temporary impact on local air quality.  Building and road construction are two examples 
of construction activities with high emissions potential.  Emissions during the 
construction of a building or road can be associated with land clearing, drilling and 
blasting, ground excavation, cut and fill operations (i.e., earth moving), and construction 
of a particular building or road.  Dust emissions often vary substantially from day to day, 
depending on the level of activity, the specific operations, and the prevailing 
meteorological conditions.  A large portion of the emissions results from construction 
vehicle  traffic over temporary roads at the construction site. 
 

The temporary nature of construction differentiates it from other fugitive dust 
sources as to estimation and control of emissions.  Construction consists of a series of 
different operations, each with its own duration and potential for dust generation.  In 
other words, emissions from any single construction site can be expected (1) to have a 
definable beginning and an end, and (2) to vary substantially over different phases of the 
construction process.  This is in contrast to most other fugitive dust sources where 
emissions are either relatively steady or follow a discernable annual cycle.  Furthermore, 
there is often a need to estimate areawide construction emissions without regard to the 
actual plans of any individual construction project.  For these reasons, methods by which 
either areawide or site-specific emissions may be estimated are presented below. 
 

The quantity of dust emissions from construction operations is proportional to the 
area of land being worked and to the level of construction activity.  By analogy to the 
parameter dependence observed for other similar fugitive dust sources, one can expect 
emissions from construction operations to be positively correlated with the silt content of 
the soil (i.e., particles smaller than 75 micrometers [µm] in diameter), as well as with the 
speed and weight of the construction vehicle, and to be negatively correlated with the soil 
moisture content. 
 

Table 3-1 displays the dust sources involved with construction.  In addition to the on-
site activities shown in Table 3-1, substantial emissions are possible because of material 
tracked out from the site and deposited on adjacent paved streets.  Because all traffic 
passing the site (i.e., not just that associated with the construction) can resuspend the 
deposited material, this “secondary” source of emissions may be far more important than 
all the dust sources located within the construction site.  Furthermore, this secondary 
source will be present during all construction operations.  Persons developing 
construction site emission estimates must consider the potential for increased adjacent 
emissions from off-site paved roadways (see Chapter 5).  High wind events also can lead 
to emissions from cleared land and material stockpiles.  Chapters 8 and 9 present 
estimation methodologies that can be used for such sources at construction sites. 
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Table 3-1.  Emission Sources for Construction Operations 
Construction phase Dust-generating activities 

I. Demolition and debris removal 1. Demolition of buildings or other 
(natural) obstacles such as trees, 
boulders, etc. 
a. Mechanical dismemberment 

(“headache ball”) of existing 
structures 

b. Implosion of existing structures 
c. Drilling and blasting of soil 
d. General land clearing 

2. Loading of debris into trucks 

3. Truck transport of debris 

4. Truck unloading of debris 

II. Site Preparation  
(earth moving) 

1. Bulldozing 
2. Scrapers unloading topsoil 
3. Scrapers in travel 
4. Scrapers removing topsoil 
5. Loading of excavated material into 

trucks 
6. Truck dumping of fill material, road 

base, or other materials 
7. Compacting 
8. Motor grading 

III. General Construction 1. Vehicular Traffic 
2. Portable plants 

a. Crushing 
b. Screening 
c. Material transfers 

3. Other operations 
 
3.2  Emissions Estimation:  Primary Methodology1-6 
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This section was adapted from:  Estimating Particulate Matter Emissions 
from Construction Operations, report  prepared for USEPA by Midwest 
Research Institute dated September 15, 1999.1   
 
Note that AP-42 Section 13.2.3, “Heavy Construction Operations,” was not 
adopted for the primary emission estimation methodology because it relies 
on a single-valued emission factor for TSP based on only one set of field 
tests.2 
 
.2.1  PM Emissions from Construction 

 
Construction emissions can be estimated when two basic construction parameters are 

nown:  the acres of land disturbed by the construction activity, and the duration of the 
ctivity.  A general emission factor for all types of construction activity is 0.11 tons 
M10/acre/month and is based on a 1996 BACM study conducted by Midwest Research 
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(MRI) Institute for the California South Coast Air Quality Management District 
(SCAQMD).3  The single composite factor of 0.11 tons PM10/acre/month assumes that 
all construction activity produces the same amount of dust on a per acre basis.  In other 
words, the amount of dust produced is not dependent on the type of construction but 
merely on the area of land being disturbed by the construction activity.  A second 
assumption is that land affected by construction activity does not involve large-scale cut 
and fill operations.  Factors for the conversion of dollars spent on construction to acreage 
disturbed, along with the estimates for the duration of construction activity, were 
originally developed by MRI in 1974.4 

 
Separate emission factors segregated by type of construction activity provide better 

estimates of PM10 emissions that are more accurate estimate than are obtained using a 
general emission factor.  The factors from the 1996 MRI BACM study3 are summarized 
in Table 3-2.  Specific emission factors and activity levels for residential, nonresidential, 
and road construction activities are described below. 
 

Table 3-2.  Recommended PM10 Emission Factors for Construction Operations1

Basis for emission factor Recommended PM10 emission factor 

Level 1 
Only area and duration known 

0.11 ton/acre/month (average conditions) 
0.42 ton/acre/month (worst-case conditions)a

Level 2 
Amount of earth moving known, in 
addition to total project area and 
duration 

0.011 ton/acre/month for general construction 
(for each month of construction activity) 

plus 
0.059 ton/1,000 cubic yards for on-site cut/fillb
0.22 ton/1,000 cubic yards for off-site cut/fillb

Level 3 
More detailed information available on 
duration of earth moving and other 
material movement 

0.13 lb/acre-work hr for general construction 
plus 

49 lb/scraper-hr for on-site haulagec

94 lb/hr for off-site haulaged

Level 4 
Detailed information on number of units 
and travel distances available 

0.13 lb/acre-work hr for general construction 
plus 

0.21 lb/ton-mile for on-site haulage 
0.62 lb/ton-mile for off-site haulagec

a Worst-case refers to construction sites with active large-scale earth moving operations. 
b These values are based on assumptions that one scraper can move 70,000 cubic yards of 

earth in one month and one truck can move 35,000 cubic yards of material in one month.  If 
the on-site/off-site fraction is not known, assume 100% on-site. 

c If the number of scrapers in use is not knows, MRI recommends that a default value of 4 be 
used.  In addition, if the actual capacity of earth moving units is known, the user is directed 
to use the following emission rates in units of lb/scraper-hour for different capacity scrapers: 
19 for 10 yd3 scraper, 45 for 20 yd3 scraper, 49 for 30 yd3 scraper, and 84 for 45 yd3 scraper.

d Factor for use with over-the-road trucks.  If “off-highway” or “haul” trucks are used, haulage 
should be considered “on-site.” 

 
3.2.2  Residential Construction 
 

Residential construction emissions can be calculated for three basic types of 
residential construction: 
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• Single-family houses 
• Two-family houses 
• Apartment buildings 

 
Housing construction emissions are calculated using an emission factor of 0.032 tons 

PM10/acre/month.  Also required are:  the number of housing units created, a units-to-
acres conversion factor, and the duration of construction activity.  The formula for 
calculating emissions from residential construction is: 
 

Emissions = (0.032 tons PM10/acre/month)  B  x  f  x  m 
 
where, B = the number of houses constructed 
 f  = building to acres conversion factor 
 m = the duration of construction activity in months 
 
Following the California methodology, residential construction acreage is based on the 
number of housing units constructed rather than the dollar value of construction. 
 

An alternative methodology is recommended for residential construction in areas in 
which basements are constructed or the amount of dirt moved at a residential construction 
site is known.  The F.W. Dodge reports (www. fwdodge.com/newdodgenews.asp) give 
the total square footage of homes for both single-family and two-family homes.  These 
values can be used to estimate the volume in cubic yards of dirt moved.  Multiplying the 
total square footage of the homes by an average basement depth of 8 ft, and adding 10% 
additional volume to account for peripheral dirt removed for footings, space around the 
footings, and other backfilled areas adjacent to the basement, produces an estimate of the 
total volume in cubic yards of earth moved during residential construction. 
 

The information needed to determine activity levels of residential construction may 
be based either on the dollar value of construction or the number of housing units 
constructed.  Construction costs vary throughout the United States.  The average home 
cost can vary from the low to upper $100,000s depending on where the home is located 
in the United States.  Because residential construction characteristics do not show as 
much variance as the cost does, the number of units constructed is a better indicator of 
activity level.  The amount of land impacted by residential construction is determined to 
be about the same on a per house basis.  The number of housing units for the three types 
of residential construction (single family, two-family, and apartments) for a county or 
state are available from the F.W. Dodge’s “Dodge Local Construction Potentials 
Bulletin.” 
 

A single-family house is estimated to occupy 1/4 acre.  The “building to acres” 
conversion factor for a single-family house was determined by finding the area of the 
base of a home and estimating the area of land affected by grading and other construction 
activities beyond the “footprint” of the house.  The average home is around 2,000 sq. ft.  
Using a conversion factor of 1/4 acre/house indicates that five times the base of the house 
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is affected by the construction of the home.  The “building to acres” conversion factor for 
two-family housing was found to be 1/3 acre per building.  The 1/3 acre was derived 
from the average square footage of a two-family home (approximately 3,500 sq. ft.) and 
the land affected beyond the base of the house, about 4 times the base for two-family 
residences.   

 
For comparison purposes, residential construction emission factor calculations are 

calculated below for BACM Level 1 and Level 2 scenarios.  The PM10 construction 
emission factor for one single-family home is based on typical parameters for a single-
family home: 
 

• area of land disturbed 1/4 acre 
• area of home 2,000 sq. ft. 
• duration 6 months 
• basement depth 8 ft. 
• moisture level 6% 
• silt content 8% 

 
The BACM Level 1 emission calculation is estimated as follows: 
 

0.032 tons PM10/acre/month x 1/4 acre x 6 months = 0.048 tons PM10 = 96 lb PM10 
 
The BACM Level 2 emission calculation is estimated as follows: 
 

Cubic yards of dirt moved: 2,000 ft2 x 8 ft. x 110% = 17,600 ft3 = 652 yd3

(0.011 tons PM10/acre/month x 1/4 acre x 6 months)+(0.059 tons PM10/1000 yd3 dirt x 652 yd3 dirt) = 
0.016 tons + 0.038 tons = 0.0545 tons PM10 = 109 lb PM10 

 
The emission factor recommended for the construction of apartment buildings is 

0.11 tons PM10/acre/month because apartment construction does not normally involve a 
large amount of cut-and-fill operations.  Apartment buildings vary in size, number of 
units, square footage per unit, floors, and many other characteristics.  Because of these 
variations and the fact that most apartment buildings occupy a variable amount of space, 
a “dollars-to-acres” conversion is recommended for apartment building construction 
rather than a “building-to-acres” conversion factor.  An estimate of 1.5 acres/$106 (in 
2004 dollar value) is recommended to determine the acres of land disturbed by the 
construction of apartments.  This “dollars-to-acres” conversion factor is based on 
updating previous conversion factors developed by MRI4,5 using cost of living adjustment 
factors.
 
3.2.3  Nonresidential Construction 
 

Nonresidential construction includes building construction (commercial, industrial, 
institutional, governmental) and also public works.  The emissions produced from the 
construction of nonresidential buildings are calculated using the dollar value of the 
construction.  The formula for calculating the emissions from nonresidential construction 
is: 
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PM10 Emissions = (0.19 tons PM10/acre/month)  x  $  x  f  x  m 
 
where, $ = dollars spent on nonresidential construction in millions 
 f = dollars to acres conversion factor 
 m = duration of construction activity in months 
 

The emission factor of 0.19 tons PM10/acre/month was developed by MRI in 1999 
using a method similar to a procedure originated by Clark County, Nevada and the 
emission factors recommended in the 1996 MRI BACM Report.3  A quarter of all 
nonresidential construction is assumed to involve active earthmoving in which the 
recommended emission factor is 0.42 tons PM10/acre/month.  The 0.19 tons 
PM10/acre/month was calculated by taking 1/4 of the heavy emission factor, (0.42 tons 
PM10/acre/month) plus 3/4 of the general emission factor (0.11 tons/acre/month).  The 
1/4:3/4 apportionment is based on a detailed analysis of a Phoenix airport construction 
where specific unit operations had been investigated for PM10 emissions.6  The proposed 
emission factor of 0.19 tons/acre/month for nonresidential building construction resulted 
in a total uncontrolled PM10 emissions estimate that was within 25% of that based on a 
detailed unit operation emissions inventory using detailed engineering plans and “unit-
operation” emission factors. 
 

Extensive earthmoving activities will produce higher amounts of PM10 emissions 
than the average construction project.  Thus, a worst-case BACM “heavy construction 
emission factor” of 0.42 tons PM10/acre/month should provide a better emissions 
estimate for areas in which a significant amount of earth is disturbed. 

 
The dollar amount spent on nonresidential construction is available from the U.S. 

Census Bureau (www.census.gov/prod/www/abs/cons-hou), and the Dodge Construction 
Potentials Bulletin (www. fwdodge.com/newdodgenews.asp).  Census data are delineated 
by SIC Code, whereas the Potentials Bulletin divides activity by the types of building 
being constructed rather than by SIC Code.  It is estimated that for every million dollars 
spent on construction (in 2004 dollars), 1.5 acres of land are impacted.  The “dollars to 
acres” conversion factor reflects the current dollar value using the Price and Cost Indices 
for Construction that are available from the Statistical Abstract of the United States, 
published yearly.  The estimate for the duration of nonresidential construction is 
11 months. 
 
3.2.4  Road Construction 
 

Road construction emissions are highly correlated with the amount of earthmoving 
that occurs at a site.  Almost all roadway construction involves extensive earthmoving 
and heavy construction vehicle travel, causing emissions to be higher than found for other 
construction projects.  The PM10 emissions produced by road construction are calculated 
using the BACM recommended emission factor for heavy construction1 and the miles of 
new roadway constructed.  The formula used for calculating roadway construction 
emissions is: 
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PM10 Emissions = (0.42 tons PM10/acre/month)  x  M  x  f  x  d 
 
where, M = miles of new roadway constructed 
 f = miles to acres conversion factors  
 d = duration of roadway construction activity in months 
 

The BACM worst case scenario emission factor of 0.42 tons/acre/month is used to 
account for the large amount of dirt moved during the construction of roadways.  Since 
most road construction consists of grading and leveling the land, the higher emission 
factor more accurately reflects the high level of cut and fill activity that occurs at road 
construction sites. 
 

The miles of new roadway constructed are available at the state level from the 
Highway Statistics book published yearly by the Federal Highway Administration 
(FHWA; www.fhwa.dot.gov/ohim/hs97/hm50.pdf) and the Bureau of Census Statistical 
Abstract of the United States.  The miles of new roadway constructed can be found by 
determining the change in the miles of roadway from the previous year to the current 
year.  The amount of roadway constructed is apportioned from the state to the county 
level using housing start data that is a good indicator of the need for new roads. 

 
The conversion of miles of roadway constructed to the acres of land disturbed is 

based on a method developed by the California Air Resources Board.  This calculation is 
performed by estimating the overall width of the roadway, then multiplying the width by 
a mile to determine the acres affected by one mile of roadway construction.  The 
California “miles to acres disturbed” conversion factors are available for freeway, 
highway and city/county roads.  In the Highway Statistics book, roadways are divided 
into separate functional classes.  MRI developed a “miles-to-acres” conversion factor in 
19991 according to the roadway types found in the “Public Road Length, Miles by 
Functional System” table of the annual Highway Statistics.  The functional classes are 
divided into four groups.  Group 1 includes Interstates and Other Principal Arterial roads 
and is estimated to occupy 15.2 acres/mile.  Group 2 includes Other Freeways and 
Expressways (Urban) and Minor Arterial Roads and is estimated at 12.7 acres/mile.  
Group 3 has Major Collectors (Rural) and Collectors (Urban) and a conversion factor of 
9.8 acres/mile.  Minor Collectors (Rural) and Local roads are included in Group 4 and 
converted at 7.9 acres/mile.  Table 3-3 shows the data used to calculate the acres per mile 
of road constructed. 
 

Table 3-3.  Conversion of Road Miles to Acres Disturbed 
Group 1 Group 2 Group 3 Group 4 

Lane Width (feet) 12 12 12 12 
Number of Lanes 5 5 3 2 
Average Shoulder Width (feet) 10 10 10 8 
Number of Shoulders 4 2 2 2 
Roadway Width* (feet) 100 80 56 40 
Area affected beyond road width 25 25 25 25 
Width Affected (feet) 125 105 81 65 
Acres Affected per Mile of New Roadway 15.2 12.7 9.8 7.9 
*  Roadway Width= (Lane Width x # of Lanes) + (Shoulder Width x # of Shoulders). 
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The amount of new roadway constructed is available on a yearly basis and the 

duration of the construction activity is determined to be 12 months.  The duration 
accounts for the amount of land affected during that time period and also reflects the fact 
that construction of roads normally lasts longer than a year.  The duration of construction 
of a new roadway is estimated at 12 to 18 months. 

 
3.3  Emission Estimation:  Alternate Methodology for Building Construction 
 

 
 
 

 
The building construction dust source category provides estimates of the fugitive 

dust particulate matter caused by construction activities associated with building 
residential, commercial, industrial, institutional, or governmental structures.  The 
emissions result predominantly from site preparation work, which may include scraping, 
grading, loading, digging, compacting, light-duty vehicle travel, and other operations.  
Dust emissions from construction operations are computed by using a PM10 emission 
factor developed by MRI during 1996.3  The emission factor is based on observations of 
construction operations in California and Las Vegas.  Activity data for construction is 
expressed in terms of acre-months of construction.  Acre-months are based on estimates 
of the acres disturbed for residential construction, and project valuation for other non-
residential construction. 
 

This section was adapted from Section 7.7 of CARB’s Emission Inventory 
Methodology.  Section 7.7 was last updated in September 2002. 

3.3.1  Emission Estimation Methodology 
 

Emission Factor.  The PM10 emission factor used for estimating geologic dust 
emissions from building construction activities is based on work performed by MRI3 
under contract to the PM10 Best Available Control Measure (BACM) working group.  
For most parts of the state, the emission factor used is 0.11 tons PM10/acre-month of 
activity.  This emission factor is based on MRI’s observation of the types, quantity, and 
duration of operations at eight construction sites (three in Las Vegas and five in 
California).  The bulk of the operations observed were site preparation-related activities.  
The observed activity data were then combined with operation-specific emission factors 
provided in AP-422 to produce site emissions estimates.  These site estimates were then 
combined to produce the overall average emission factor of 0.11 tons PM10/acre-month.  
The PM2.5/PM10 ratio for construction dust published by CARB is 0.208.7 

 
The construction emission factor is assumed to include the effects of typical control 

measures such as routine watering.  A dust control effectiveness of 50% is assumed from 
these measures, which is based on the estimated control effectiveness of watering.8  
Therefore, if this emission factor is used for construction activities where watering is not 
used, it should be doubled to more accurately reflect the actual emissions.  The MRI 
document3 lists their average emission factor values as uncontrolled.  However, it can be 
argued that the activities observed and the emission estimates do include the residual 
effects of control.  All of the test sites observed were actual operations that used watering 
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controls as part of their standard industry practice in California and Las Vegas.  So, even 
if in some cases watering was not performed during the actual site visits, the residual 
decreases in emissions from the watering controls and raising the soil moisture are 
thought to be included in the MRI estimates. 

 
The 1996 MRI report3 also includes an emission factor for worst-case emissions of 

0.42 tons PM10/acre-month.  This emission factor is appropriate for large-scale 
construction operations, which involve substantial earthmoving operations.  The South 
Coast Air Quality Management District (SCAQMD) estimated that 25% of their 
construction projects involve these types of operations.  For the remainder of the state, 
such detailed information is not readily available, so the average emission factor of 0.11 
tons PM10/acre-month was used by CARB for these other areas of California.. 

 
Activity Data.  For the purpose of estimating emissions, it is assumed that the 

fugitive dust emissions are related to the acreage affected by construction.  Because 
regionwide estimates of the acreage under construction may not be directly available, 
other construction activity data can be used to derive acreage estimates.  Activity data are 
estimated separately for residential construction and the other types of construction 
(commercial, industrial, institutional, and governmental). 

 
For residential construction, the number of new housing units estimated by the 

Department of Finance9 are used to estimate acreage disturbed.  It is estimated that single 
family houses are built on 1/7 of an acre in heavily populated counties, and 1/5 of an acre 
in less populated counties.10-12  It is also estimated that multiple living units such as 
apartments occupy 1/20 of an acre per living unit.  For all of these residential 
construction activities, a project duration of 6 months is assumed.10  Applying these 
factors to the reported number of new units in each county results in an estimate of acre-
months of construction.  This estimate of acre-months of construction combined with the 
construction emission factor is used to estimate residential construction particulate 
emissions. 

 
For commercial, industrial, and institutional building construction, construction 

acreage is based on project valuations.  Project valuations for additions and alterations are 
not included.  According to the Construction Industry Research Board,13 most additions 
and alterations would be modifications within the existing structure and normally would 
not include the use of large earthmoving equipment.  Most horizontal additions would 
usually be issued a new building permit.  The valuations are 3.7, 4.0 and 4.4 acres per 
million dollars of valuation for the respective construction types listed.12  Valuations 
were corrected from 1999 values to 1977 values using the Annual Average Consumer 
Price Index (CPI-U-RS) provided by the U.S. Census Bureau.14  The Census Bureau uses 
the Bureau of Labor Statistics’ experimental Consumer Price Index (CPI-U-RS) for 1977 
through 2000.15  Valuations were corrected from 1999 values to 1977 values because the 
acres per dollar valuation values are based on 1977 valuations.  For example, the CPI-U-
RS for 1999 is 244.1 and the CPI-U-RS for 1977 is 100.0.  The ratio of 1977 to 1999 
dollars is 100.0/244.1 or 0.41.  Inflation from 1999 to 2004 is estimated to be 12%.  Thus, 
updating the 1977 valuation results to 2004 dollars produces a ratio of 1977 to 2004 
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dollars of 0.41/1.12 or 0.37.  CARB assumes that each acre is under construction for 11 
months for each project type.10

 
3.3.2  Assumptions and Limitations 
 

1. The current methodology assumes that all construction operations in all parts of 
the state emit the same levels of PM10 on a per acre basis. 

2. It is assumed that watering techniques are used statewide, reducing emissions by 
50% and making it valid to apply the MRI emission factor without correction. 

3. The methodology assumes that valuation is proportional to acreage disturbed, 
even for high-rise type building construction. 

4. The methodology assumes that construction dust emissions are directly 
proportional to the number of acres disturbed during construction. 

5. The estimates of acreage disturbed are limited in their accuracy.  New housing 
units and project valuations do not provide direct estimates of actual acreage 
disturbed by construction operations in each county. 

6. The methodology assumes that the Consumer Price Index (CPI-U-RS) provides 
an accurate estimate of 1977 and current values. 

 
3.3.3  Temporal Activity 
 

The temporal activity is assumed to occur five days a week between the hours of 
8:00 AM and 4:00 PM.  The table below shows the percentage of construction activity 
that is estimated to occur during each month.  The monthly activity increases during the 
spring and summer months.  Some districts may use a different profile that has a larger 
peak during the summer months.  Construction emissions for future years are based on 
construction activity projections. 

 
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 
6.4 6.4 8.3 9.2 9.2 9.2 9.2 9.2 9.2 8.3 8.3 7.3 

 
3.4  Emission Estimation:  Alternate Methodology for Road Construction 
 

 
 
 
 

The road construction dust source category provides estimates of the fugitive dust 
particulate matter due to construction activities while building roads.  The emissions 
result from site preparation work which may include scraping, grading, loading, digging, 
compacting, light-duty vehicle travel, and other operations.  Dust emissions from road 
construction operations are computed by using a PM10 emission factor developed by 
MRI.3  The emission factor is based on observations of construction operations in 
California and Las Vegas.  Activity data for road construction is expressed in terms of 

This section was adapted from Section 7.8 of CARB’s Emission Inventory 
Methodology.  Section 7.8 was last updated in August 1997. 
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acre-months of construction.  Acre-months are based on estimates of the acres disturbed 
for road construction.  The acres disturbed are computed based on:  estimates of the 
annual difference in road mileage; estimates of road width (to compute acres disturbed); 
and an assumption of 18 months as the typical project duration. 

 
3.4.1  Emissions Estimation Methodology 
 

Emission Factor.  The PM10 emission factor used for estimating geologic dust 
emissions from road construction activities is based on work performed by MRI under 
contract to the PM10 Best Available Control Measure working group.3  For most parts of 
the State, the emission factor used is 0.11 tons PM10/acre-month of activity.  This 
emission factor is based on MRI’s observation of the types, quantity, and duration of 
operations at eight construction sites (three in Las Vegas, and five in California).  The 
bulk of the operations observed were site preparation related activities.  The observed 
activity data were then combined with operation specific emission factors provided in 
U.S. EPA’s AP-42 (5th Edition)2 document to produce site emissions estimates.  These 
site estimates were then combined to produce the overall average emission factor of 
0.11 tons PM10/acre-month.  The PM2.5/PM10 ratio for construction dust published by 
CARB is 0.208.7

 
The construction emission factor is assumed to include the effects of routine dust 

suppression measures such as watering.  A dust control effectiveness of 50% is assumed 
from these measures, which is based on the estimated control effectiveness of watering.8  
Therefore, if this emission factor is used for road construction activities where watering is 
not used, it should be doubled to more accurately reflect the actual emissions.  The MRI 
document3 lists their average emission factor values as uncontrolled.  However, it can be 
argued that the activities do include the effects of controls.  All of the test sites were 
actual operations that used watering controls, even if in some cases they were not used 
during the actual site visits.  It is believed that the residual effects of controls are reflected 
in the MRI emission estimates. 

 
The MRI report3 also includes an emission factor for worst-case construction 

emissions of 0.42 tons of PM10/acre-month.  This emission factor is appropriate for large 
scale construction operations which involve substantial earthmoving operations.  The 
South Coast Air Quality Management District (SCAQMD) estimated that a percentage of 
their construction projects involve these types of operations, and applied the larger 
emission factor to these activities.  For the remainder of the state, such detailed 
information is not readily available, so the average emission factor of 0.11 tons PM10 per 
acre-month was used by CARB. 

 
Activity Data.  For the purpose of estimating emissions, it is assumed that the 

fugitive dust emissions are related to the acreage affected by construction.  Regionwide 
estimates of the acreage disturbed by roadway construction may not be directly available.  
Therefore, the miles of road built and the acreage disturbed per mile of construction can 
be used to estimate the overall acreage disturbed. 
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The miles of road built are based on the annual difference in the road mileage.  These 

data, from the Department of Finance9 and Caltrans16, are split for each county into 
freeways, state highways, and city and county road.  The acreage of land disturbed per 
mile of road construction is based on the number of lanes, lane width, and shoulder width 
for each listed road type.  The assumptions used are provided in Table 3-4.  Because most 
projects will probably also disturb land outside of the immediate roadway corridor, these 
acreage estimates are somewhat conservative. 

 
The final parameter needed is project duration, which is assumed to be an average of 

18 months.10  Multiplying the road mileage built by the acres per mile and the months of 
construction provides the acre-months of activity for road building construction.  This, 
multiplied by the emission factor, provides the emissions estimate. 

 
Table 3-4.  Roadway Acres per Mile of Construction Estimates 

Road Type Freeway Highway City & County 
Number of Lanes 5 5 2 

Width per Lane (feet) 12 12 12 

Shoulder Width (feet) 10'x4 = 40' 20'x2 = 40' 20'x2 = 40' 

Roadway Width* (feet) 100 76 64 

Roadway Width* (miles) 0.019 0.014 0.012 

Area per Mile** (acres) 12.1 9.2 7.8 
*Roadway Width (miles) = [(Lanes x Width per Lane) + Shoulder Width] x (1 mile/5,280 feet) 
**Area per Mile (acres) = Length x Width = 1 Mile x Width x 640 acres/mile2

 
3.4.2  Temporal Activity 
 

Temporal activity is assumed to occur five days a week between the hours of 8 AM 
and 4 PM.  The table below shows the percentage of construction activity that is 
estimated to occur during each month.  The monthly activity increases during the spring 
and summer months as shown below.  Some districts use a slightly different profile that 
has a larger peak during the summer months.  Construction emissions for future years are 
based on construction activity projections. 

 
ALL JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
100 7.7 7.7 8.5 8.5 8.5 8.5 8.5 8.5 8.5 8.5 8.5 7.7 

 
3.4.3  Assumptions and Limitations 
 

1. The current methodology assumes that all construction operations in all parts of 
the state emit the same levels of PM10 on a per acre basis. 

2. It is assumed that watering techniques are used statewide, reducing emissions by 
50% and making it valid to apply the MRI emission factor without correction. 
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3. The methodology assumes that the acreage disturbed per mile for road building 

is similar statewide, and the overall disturbed acreage is approximately the same 
as the finished roadway’s footprint. 

4. The methodology assumes that construction dust emissions are directly 
proportional to the number of acres disturbed during construction. 

 
3.5  Demonstrated Control Techniques 
 

Because of the relatively short-term nature of construction activities, some control 
measures are more cost-effective than others.  Wet suppression and wind speed reduction 
are two common methods used to control open dust sources at construction sites because 
a source of water and material for wind barriers tend to be readily available on a 
construction site.  However, several other forms of dust control are available.  Table 3-5 
displays each of the preferred control measures by dust source.17, 18

 
Table 3-5.  Control Options for General Construction Open Sources of PM10 

Emission source Recommended control methods(s) 
Debris handling 
 
 
Truck transportb
 
 
 
Bulldozers 
 
Pan scrapers 
 
Cut/fill material handling 
 
 
Cut/fill haulage 
 
 
 
General construction 

Wind speed reduction 
Wet suppressiona 

 

Wet suppression 
Paving 
Chemical stabilizationc

 
Wet suppressiond

 
Wet suppression of travel routes 
 
Wind speed reduction 
Wet suppression 
 
Wet suppression 
Paving 
Chemical stabilization 
 
Wind speed reduction 
Wet suppression 
Early paving of permanent roads 

a Dust control plans should contain precautions against watering programs 
that confound trackout problems. 

b Loads could be covered to avoid loss of material in transport, especially if 
material is transported offsite. 

c Chemical stabilization is usually cost-effective for relatively long-term or 
semipermanent unpaved roads. 

d Excavated materials may already be moist and not require additional 
wetting.  Furthermore, most soils are associated with an “optimum 
moisture” for compaction. 

 
One of the dustiest construction operations is cutting and filling using scrapers, with 

the highest emissions occurring during scraper transit.  In a 1999 MRI field study,5 it was 
found that watering can provide a high level of PM10 control efficiency for scraper 
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transit emissions.  Average control efficiency remained above 75% approximately 
2 hours after watering.  The average PM10 efficiency decay rate for water was found to 
vary from approximately 3% to 14% hour.  The decay rate depended upon relative 
humidity in a manner consistent with the effect of humidity on the rate of evaporation.  
Test results for watered scraper transit routes showed a steep increase in control 
efficiency with a doubling of surface moisture and little additional control efficiency at 
higher moisture levels.  This is in keeping with past studies which found that control 
efficiency data can be successfully fitted by a bilinear function.  In another recent MRI 
field study (MRI, 2001),19 tests of mud and dirt trackout indicated that a 10% soil 
moisture content represents a reasonable first estimate of the point at which watering 
becomes counter productive.  The control efficiencies afforded by graveling or paving of 
a 7.6 m (25 ft) access apron were in the range of 40% to 50%. 

 
Table 3-6 summarizes tested control measures and reported control efficiencies for 

dust control measures applied to construction and demolition operation. 
 

Table 3-6.  Control Efficiencies for Control Measures  
for Construction/Demolition19, 20 

Control measure 
Source 

component 

PM10 
control 

efficiency References/Comments 

Apply water every 4 hrs 
within 100 feet of a 
structure being 
demolished (Scenario: 
lot remains vacant 
6 mo after demolition) 

Active 
demolition and 
debris removal 

36% MRI, April 2001, test series 701.  4-hour 
watering interval 

Gravel apron, 25” long 
by road width 

Trackout 46% MRI, April 2001 

Apply dust 
suppressants (e.g., 
polymer emulsion) 

Post-
demolition 
stabilization 

84% CARB April 2002; for actively disturbed areas 

Apply water to 
disturbed soils after 
demolition is completed 
or at the end of each 
day of cleanup 

Demolition 
Activities 

10% MRI, April 2001, test series 701.  14-hour watering interval. 

Prohibit demolition 
activities when wind 
speeds exceed 25 mph 

Demolition 
Activities 

98% Estimated for high wind days in absence of soil disturbance activities 

61% MRI, April 2001, test series 701.  3.2-hour watering interval Apply water at various 
intervals to disturbed 
areas within 
construction site 

Construction 
Activities 

74% MRI, April 2001, test series 701.  2.1-hour watering interval 

Require minimum soil 
moisture of 12% for 
earthmoving 

Scraper 
loading and 
unloading 

69% AP-42 emission factor equation for materials handling due to 
increasing soil moisture from 1.4% to 12% 

Limit on-site vehicle 
speeds to 15 mph 
(Scenario:  radar 
enforcement) 

Construction 
traffic 

57% Assume linear relationship between PM10 emissions and uncontrolled 
vehicle speed of 35 mph 
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3.6  Regulatory Formats 
 

Fugitive dust control options have been embedded in many regulations for state and 
local agencies in the WRAP region.  Regulatory formats specify the threshold source size 
that triggers the need for control application.  Example regulatory formats downloaded 
from the Internet for several local air quality agencies in the WRAP region are presented 
in Table 3-7.  The website addresses for obtaining information on fugitive dust 
regulations for local air quality districts within California, for Clark County, NV, and for 
Maricopa County, AZ, are as follows: 

• Districts within California:  www.arb.ca.gov/drdb/drdb.htm 
• Clark County, NV:  www.co.clark.nv.us/air_quality/regs.htm 
• Maricopa County, AZ:  www.maricopa.gov/envsvc/air/ruledsc.asp 

 
3.7  Compliance Tools 
 

Compliance tools assure that the regulatory requirements, including application of 
dust controls, are being followed.  Three major categories of compliance tools are 
discussed below. 
 

Record keeping:  A compliance plan is typically specified in local air quality rules 
and mandates record keeping of source operation and compliance activities by the source 
owner/operator.  The plan includes a description of how a source proposes to comply 
with all applicable requirements, log sheets for daily dust control, and schedules for 
compliance activities and submittal of progress reports to the air quality agency.  The 
purpose of a compliance plan is to provide a consistent reasonable process for 
documenting air quality violations, notifying alleged violators, and initiating enforcement 
action to ensure that violations are addressed in a timely and appropriate manner. 
 

Site inspection:  This activity includes (1) review of compliance records, 
(2) proximate inspections (sampling and analysis of source material), and (3) general 
observations (e.g., whether an unpaved road has been paved, graveled, or treated; 
whether haul truck beds are covered ; whether water trucks are being used during 
construction activities).  An inspector can use photography to document compliance with 
an air quality regulation. 
 

On-site monitoring:  EPA has stated that “An enforceable regulation must also 
contain test procedures in order to determine whether sources are in compliance.”  
Monitoring can include observation of visible plume opacity, surface testing for crust 
strength and moisture content, and other means for assuring that specified controls are in 
place. 
 

Table 3-8 summarizes the compliance tools that are applicable to construction and 
demolition. 
 
 



Table 3-7.  Example Regulatory Formats for Construction and Demolition 
  CAPCOA Clark County, NV Maricopa County, AZ   

Source            Control measure Goal Threshold Agency Control measure Goal Threshold Agency
Control 

measure Goal Threshold Agency
Paved 
Roads-Public 
and Private 

                 

Track-out and 
Carryout 

Removal at end 
of workday  

 Track-out is
less than 
50 ft 

  SJVAPCD 
Rule 8041 
11/15/2001 

      Install track-out 
ctrl device  

Prevent/remove 
track-out from 
haul trucks and 
tires 

Paved roads 
within constr 
sites, where 
haul trucks 
traverse; with 
disturbed 
surface area 
>2 acres, with 
100 cubic yds 
of bulk material 
hauled 

Maricopa 
County 
Rule 310 
04/07/2004 

                  
  Removal as 

soon as possible 
 Track-out

exceeds 
50 ft 

 SJVAPCD 
Rule 8041 
11/15/2001 

      Either 
immediately 
cleanup track-
out (>50ft) and 
nightly clean-
up of rest; 
install 
grizzly/wheel 
wash system; 
install gravel 
pad--30ftx50ft, 
6" deep; pave 
intersection--
100ftx20ft; 
route traffic 
over track-out 
ctrl devices; 
limit access to 
unprotected 
routes; pave 
constr 
roadways 
ASAP 

Control track-
out on 
paved/constr 
roads  

Immed track-
out clean-up 
after 50ft, at 
end of workday 
for less; gravel 
pad standards 
are min; paved 
intersection 
also min and 
must be 
accessible to 
public; limit 
access to 
unprotected 
routes with 
barriers 

Maricopa 
County  
Rule 310 
04/07/2004 
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Table 3-7.  Example Regulatory Formats for Construction and Demolition (Continued) 
 CAPCOA Clark County, NV Maricopa County, AZ 

Source Control measure Goal Threshold Agency Control measure Goal Threshold Agency 
Control 

measure Goal Threshold Agency 
  Track-out 

control device 
must be 
installed at all 
access points to 
public roads and 
there must be 
mud/dirt removal 
from interior 
paved roads 
with sufficient 
frequency 

Allow mud/dirt to 
drop off before 
leaving site and 
prevent track-out 

For sites 
greater than 
5 acres or 
those with 
more than 
100 yd3 of 
daily 
import/export 

SJVAPCD 
Rule 8041 
11/15/2001 

            

                   
  Removal of 

track-out within 
one hour or 
selecting a 
track-out 
prevention 
option and 
removing track-
out at the end of 
the day  

  For sites
greater than 
5 acres or 
those with 
more than 
100 yd3 of 
daily 
import/export 
and track-
out is less 
than 50ft 

 SCAQMD 
Rule 403 

12/11/1998 

            

                   
  Removing track-

out ASAP  
 Track-out

greater than 
50 ft 

 SCAQMD 
Rule 403 

12/11/1998 

            

                   
  Require road 

surface paved or 
chemically 
stabilized from 
point of 
intersection with 
a public paved 
road to distance 
of at least 100 ft 
by 20 ft or 
installation of 
track-out control 
device from 
point of 
intersection with 
a public paved 
road to a 
distance of at 
least 25 ft by 
20 ft 

Prohibits material 
from extending 
more than 25 ft 
from a site 
entrance 

For sites 
greater than 
5 acres or 
those with 
more than 
100 yd3 of 
daily 
import/export 

SCAQMD 
Rule 403 

12/11/1998 
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Table 3-7.  Example Regulatory Formats for Construction and Demolition (Continued) 
 CAPCOA Clark County, NV Maricopa County, AZ 

Source Control measure Goal Threshold Agency Control measure Goal Threshold Agency 
Control 

measure Goal Threshold Agency 
Bulk 
Materials 

               

Transport  Establishes
speed limits.  
Requires at 
least 6'' 
freeboard when 
crossing paved 
public road, 
water applied to 
top of load.  
Haul trucks 
need tarp or 
suitable cover 
and truck interior 
must be cleaned 
before leaving 
site 

Limit visible dust 
emissions to 20% 
opacity and 
prevent spillage 
from holes 

Trucks 
entering 
paved public 
roads (6'' 
freeboard); 
leaving work 
site; specific 
haul trucks 
need 
covering 

SJVAPCD 
Rule 8031 
11/15/2001 

      Freeboard at 
least 3"; 
prevent 
spillage from 
holes; cover 
haul trucks with 
tarps; 
clean/cover 
cargo 
compartment 

Reduce track-
out onto paved 
roads 

For all haul 
trucks entering 
paved roads, 
offsite that is 
accessible to 
public 

Maricopa 
County        
Rule 310 
04/07/2004 

                  
  Requires 

covering haul 
trucks or to use 
bottom-dumping 
if possible and 
maintain 
minimum 6'' 
freeboard (in 
high winds) 

   SCAQMD
Rule 403 

12/11/1998 

      Freeboard at 
least 3"; 
prevent 
spillage from 
holes; install 
track-out ctrl 
devices 

Prevent/remove 
track-out onto 
paved roads 

Within the work 
site; removes 
possible track-
out from tires, 
exterior of 
trucks that 
traverse work 
site 

Maricopa 
County        
Rule 310 
04/07/2004 

                   
               Dust ctrl plan 

and daily 
written log req 

Limit VDE to 
20% opacity; 
ensure ctrl 
measures 
implemented 

For all constr 
sites/demolition 
piles, etc. req 
dust ctrl plan; 
dust ctrl plan 
req same as 
prev noted 

Maricopa 
County        
Rule 310 
04/07/2004 

                         
Construction 
and 
Demolition 
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Table 3-7.  Example Regulatory Formats for Construction and Demolition (Continued) 
 CAPCOA Clark County, NV Maricopa County, AZ 

Source Control measure Goal Threshold Agency Control measure Goal Threshold Agency 
Control 

measure Goal Threshold Agency 
Earthmoving     Require water

and chemical 
stabilizers (dust 
suppressants) 
be applied, in 
conjunction with 
optional wind 
barrier 

Limit visible dust 
emissions to 20% 
opacity 

SJVAPCD
Rule 8021 
11/15/2001 

 Requires Dust Control 
Permit and if 
applicable, Dust 
Mitigation Plan 

For
construction 
activities 
greater than 
0.25 acres, 
mechanized 
trenching 
greater than 
100 ft in 
length, or for 
mechanical 
demolition of 
any structure 
larger than 
1,000 ft2 

Clark 
County 
Sect. 94 
Air Quality 
Reg. 
06/22/2000 

Pre-watering, 
phase work  

Reduce 
disturbed 
surface area at 
any one time 

Owner/operator 
of constr sites 

Maricopa 
County       
Rule 310 
04/07/2004 

                  
  Specifies Dust 

Control Plan 
must be 
submitted 

Limit visible dust 
emissions to 20% 
opacity 

For areas 40 
acres or 
larger where 
earth 
movement of 
2500 yd3 or 
more on at 
least 3 days 
is intended 

SJVAPCD 
Rule 8021 
11/15/2001 

Requires Dust Control 
Permit based on site-
specific Dust 
Mitigation Plan 

 For projects
10 acres or 
greater, 
trenching 
activities one 
mile or 
greater in 
length, or for 
structure 
demolition 
using 
implosive or 
explosive 
blasting 
techniques 

 Clark 
County 
Sect. 94 
Air Quality 
Reg. 
06/22/2000 

      

                  
  Requires 

implementation 
of Best Available 
Control 
Measures 
(BACM) 

Prohibit visible 
dust emissions 
beyond property 
line and limit an 
upwind/downwind 
PM10 differential 
to 50 ug/m3.  
Limit visible dust 
emissions to 100 
ft from origin 

  SCAQMD
Rule 403 

12/11/1998 

 Requires dust control 
monitor  

For projects
with more 
than 50 
acres of 
actively 
disturbed soil 
at any given 
time 

 Clark 
County 
Sect. 94 
Air Quality 
Reg. 
06/22/2000 

Project 
information 
sign must be 
posted at main 
entrance, with 
white 
background 
and black 
lettering:  
project name, 
permit holder, 
permit number, 
etc.; also 
includes phone 
number for 
comments 

Publicize constr 
information and 
demand input 

For all sites 
with 
earthmoving 
permit that are 
>/=5acres, 
except routine 
maintenance 
and repair 
under block 
permit; letters 
must be at 
least 4"; 
complaints 
phone number 
for MCESD 

Maricopa 
County       
Rule 310 
04/07/2004 
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Table 3-7.  Example Regulatory Formats for Construction and Demolition (Continued) 
 CAPCOA Clark County, NV Maricopa County, AZ 

Source Control measure Goal Threshold Agency Control measure Goal Threshold Agency 
Control 

measure Goal Threshold Agency 
  Specifies that a 

Dust Control 
Plan or a 
commitment to 
implement Table 
1 and 2 control 
measures 
through a large 
operation 
notification 
(LON) 

Prohibit visible 
dust emissions 
beyond property 
line and limit an 
upwind/downwind 
PM10 differential 
to 50 ug/m3.  
Limit visible dust 
emissions to 100 
ft from origin 

For Large 
Operations:  
projects with 
a disturbed 
surface area 
100 acres or 
larger, or 
projects with 
daily earth 
movement of 
10,000 yd3 
or more 

SCAQMD 
Rule 403 

12/11/1998 

           

                         
Construction 
and 
Demolition 

                

Demolition     Application of
dust 
suppressants 

Limit visible dust 
emissions to 20% 
opacity 

SJVAPCD
Rule 8021 
11/15/2001 

 Required abrasive 
blasting 

Limit visible 
emissions 
to average 
40% 
opacity for 
any period 
aggregating 
3 mins in 
any 60-
minute 
period 

Clark
County 
Sect. 94 
Air Quality 
Reg. 
06/22/2000 

Earthmoving 
permits:  
changes to 
Dust plan not 
req until permit 
renewed  

Encourage dust 
plan and 
earthmoving 
permits 

Changes to 
Dust Ctrl Plan 
(must req dust 
ctrl plan); for 
earthmoving 
ops >/=.10 
acres 

Maricopa 
County      
Rule 310 
04/04/2004 
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Table 3-7.  Example Regulatory Formats for Construction and Demolition (Continued) 
 CAPCOA Clark County, NV Maricopa County, AZ 

Source Control measure Goal Threshold Agency Control measure Goal Threshold Agency 
Control 

measure Goal Threshold Agency 
  Application of 

best available 
control 
measures 
(BACM) 

Prohibits visible 
dust emissions 
beyond property 
line.  Limits 
downwind PM10 
levels to 50 
ug/m3 

For projects 
greater than 
5 acres or 
100 yd3 of 
daily 
import/export 

SCAQMD 
Rule 403 

12/11/1998 

Required long-term 
stabilization 

  When 
construction 
site or part 
thereof is 
inactive for 
30 days or 
longer 

Clark 
County 
Sect. 94 
Air Quality 
Reg. 
06/22/2000 

Dust Ctrl Plan:  
Submission of 
dust ctrl plan 
and permit 
applications; 
plan describes 
all ctrl 
measures; one 
ctrl measure 
per each dust 
source; also 
soil content 
(constr prjts 
>/=1acre); plan 
must be posted 
or on-hand at 
work site 
(includes 
8.5"x11" site 
drawing) 

Limit VDE to 
20% opacity 

For all 
earthmoving 
ops that disturb 
>/=.1 acre; 
before 
commencing 
routine dust 
generating op; 
ctrl measures 
implemented 
before, during, 
after and 
during ops 
(includes wkds, 
holidays, etc.); 
req for all dust 
generating op 
except fields 
used for non-
motorized 
sports, 
landscaping, 
redesigning 
existing 
landscape; 
unpaved roads 
most also 
include in plan 
max number of 
vehicles each 
day, haul 
trucks, etc.; for 
all constr prjts 
>/=1 acre; 
Block 
permittees 
exempt from 
keeping site 
drawing 

Maricopa 
County      
Rule 310 
04/04/2004 
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Table 3-7.  Example Regulatory Formats for Construction and Demolition (Continued) 

 3-22

 CAPCOA Clark County, NV Maricopa County, AZ 

Agency Control measure Goal Threshold Agency Control measure Goal Threshold Agency 
Control 

measure Goal Threshold 
Construction 
and 
Demolition 

               

Grading 
Operations 

Requires pre-
watering and 
phasing of work 

Limit VDE to 20% 
opacity 

  SJVAPCD
Rule 8021 
11/15/2001 

     Written daily 
log recording 
implementation 
of dust ctrl 
measures 
according to 
dust ctrl plan; 
avail upon 
request by ctrl 
officer within 48 
hrs 

Assure that 
dust ctrl 
measures are 
being used 
according to 
plan 

For all dust 
generating ops 
that req dust 
ctrl plan; 
records should 
be kept for 
6mos to one yr 

Maricopa 
County      
Rule 310 
04/04/2004 

                  
  Requires water 

application and 
chemical 
stabilizers 

Increase 
moisture content 
to proposed cut 

For graded 
areas where 
construction 
will not begin 
for more 
than 60 days 
after grading 

SCAQMD 
Rule 403 

12/11/1998 

           

                  
  Preapplication of 

water to depth of 
proposed cuts 
and 
reapplication of 
water as 
necessary.  Also 
stabilization of 
soils once earth-
moving is 
complete 

Ensure visible 
emissions do not 
extend more than 
100 ft from  
sources 

  SCAQMD
Rule 403 

12/11/1998 

           

Source 

 
 



 
 

Table 3-8.  Compliance Tools for Construction and Demolition 
Record keeping Site inspection/monitoring 

Site map; description of work 
practices; duration of project activities; 
locations and methods for demolition 
activities; locations and amounts of all 
earthmoving and material (types) 
handling operations; dust suppression 
equipment (types) and maintenance; 
frequencies, amounts, times, and rates 
of watering or dust suppressant 
application; mud/dirt carryout 
prevention and remediation 
requirements; wind shelters; 
meteorological log. 

Observation of earthmoving and 
demolition activities, considering 
timeframe of project; observation of 
operation of dust suppression systems, 
vehicle/ equipment operation and 
disturbance areas; surface material 
sampling and analysis for silt and 
moisture contents; observation of  truck 
spillage onto adjacent paved roads; 
mud/dirt carryout prevention and 
remediation; inspection of wind 
sheltering; real-time portable monitoring 
of PM; observation of dust plume opacity 
exceeding a standard. 

 
3.8  Sample Cost-Effectiveness Calculation 
 

This section is intended to demonstrate how to select a cost-effective control 
measure for construction and demolition.  A sample cost-effectiveness calculation is 
presented below for a specific control measure (gravel apron at trackout egress points) to 
illustrate the procedure.  The sample calculation includes the entire series of steps for 
estimating uncontrolled emissions (with correction parameters and source extent), 
controlled emissions, emission reductions, control costs, and control cost-effectiveness 
values for PM10 and PM2.5.  In selecting the most advantageous control measure for 
construction and demolition, the same procedure is used to evaluate each candidate 
control measure (utilizing the control measure specific control efficiency and cost data), 
and the control measure with the most favorable cost-effectiveness and feasibility 
characteristics is identified. 
 

Sample Calculation for Construction and Demolition 
(Mud/Dirt Egress Points) 

 
Step 1.  Determine source activity and control application parameters.   
 

Egress traffic rate (veh/day) 100 
Number of egress points 2 
Duration of construction activity (month) 24 
Wet days/year 10 
Number of workdays/year 260 
Number of emission days/yr (workdays 
without rain) 250 

 
Control Measure Gravel apron 25 ft long by road width 
Economic Life of Control System (yr) 2 
Control Efficiency 46% 
Reference MRI, 200119
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The number of vehicles per day, wet days per year, workdays per year, and the 
economic life of the control are determined from climatic and industrial records.  
The number of emission days per year are calculated by subtracting the number 
of annual wet days from the number of annual workdays as follows: 
 

Number of workdays/year – Wet days/year = 260 – 10 = 250 
 
Gravel aprons at the two construction site egress points have been chosen as 
the applied control measure.  The control efficiency was obtained from MRI, 
2001.19 

 
Step 2.  Calculate Emission Factor.  The PM2.5 and PM10 emission factors are 
obtained from Muleski et al, 200321 using a default PM2.5/PM10 ratio of 0.20. 

• EPM10 = 6 g/veh 
• EPM2.5 = 1.2 g/veh 

 
Step 3.  Calculate Uncontrolled PM Emissions.  The emission factors (calculated 
in Step 2) are multiplied by the number of vehicles per day and by the number of 
emission days per year (both under activity data) and divided by 454 grams/lb 
and 2000 lb/ton to compute the annual PM emissions, as follows: 

Annual emissions = (Emission Factor x Vehicles/day x Number of 
emission days/year)/(454 x 2,000) 
• Annual PM10 Emissions = (6 x 100 x 250) / (2,000 x 454) = 

0.165 tons/year 
• Annual PM2.5 Emissions = (1.2 x 100 x 250) / (2,000 x 454) = 

0.033 tons/year 
 
Step 4.  Calculate Controlled PM Emissions.  The uncontrolled emissions 
estimate (calculated in Step 3) is multiplied by the percentage that uncontrolled 
emissions are reduced, as follows: 

Controlled emissions = Uncontrolled emissions x (1 – Control efficiency 
fraction), where CE = 46% (as seen under activity data) 

 
For this example, we have selected gravel aprons at egress points as our control 
measure.  Based on a control efficiency estimate of 46% for a gravel apron, the 
annual PM10 emissions estimate is calculated to be: 
 

Annual Controlled PM10 emissions = (0.165 tons/year) x (1 – 0.46) = 
0.089 tons/year 
Annual Controlled PM2.5 emissions = (0.033 tons/yr) x (1 – 0.46) = 
0.018 tons/year 

 
Step 5.  Determine Annual Cost to Control PM Emissions.   
 

Capital costs ($) 500 
Operating/Maintenance costs ($) 2,000 
Overhead costs ($) 1,000 
Enforcement/Compliance costs ($) 150 
Annual Interest Rate  5% 
Capital Recovery Factor 0.54 
Total Cost ($) 3,650 
Annualized Cost ($/year) 3,419 

 



 
The Capital costs, the Operating/Maintenance costs, and the 
Enforcement/Compliance costs are default values determined from current 
sources (e.g., Sierra Research, 200322). 
 
The Overhead costs are typically one-half of the Operating/Maintenance costs; 
thus, Overhead costs = $2,000/2 = $1,000. 
 
The Annual Interest Rate (AIR) is based on the most up to date information and 
sources. 
 
The Capital Recovery Factor (CRF) is figured by multiplying AIR by 1 plus AIR, 
raised to the exponent of the Economic life of the control system, and then 
dividing by 1 plus AIR to the Economic life minus 1, as follows: 
 

Capital Recovery Factor = AIR x (1+AIR) Economic life / (1+AIR)Economic life – 1 
 

Capital Recovery Factor = 5% x (1+ 5%)2 / (1+ 5%)2 – 1 = 0.54 
 
The Total Cost is the sum of the Capital costs, Operating/Maintenance costs, 
Overhead costs, and the Enforcement/Compliance costs: 
 

Total Cost = Capital costs + Operating/Maintenance costs + Overhead + 
Enforcement/Compliance costs 

 
Total Cost = 500 + 2,000 + 1,000 + 150 = $3,650 

 
The Annualized Cost is calculated by adding the product of the Capital Recovery 
Factor and the Capital costs to the Operating/Maintenance costs and the 
Overhead costs and the Enforcement/Compliance costs: 
 

Annualized Cost = (CRF x Capital costs) + Operating/Maintenance + 
Overhead costs + Enforcement/Compliance costs 

 
Annualized Cost = (0.54 x 500) + 2,000 + 1,000 + 150 = $3,420 

 
Step 6.  Calculate Cost Effectiveness.  Cost effectiveness is calculated by 
dividing the annualized cost by the emissions reduction.  The emissions 
reduction is determined by subtracting the controlled emissions from the 
uncontrolled emissions: 
 

Cost effectiveness = Annualized Cost / (Uncontrolled emissions – 
Controlled emissions) 

 
Cost effectiveness for PM10 emissions = $3,420/(0.165-0.089) 

= $45,000/ton 
Cost effectiveness for PM2.5 emissions = $3,420/(0.033-0.018) 

= $225,000/ton 
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 This section was adapted from Section 13.2.4 of EPA’s Compilation of Air 
Pollutant Emission Factors (AP-42).  Section 13.2.4 was last updated in January 
1995. 
 
4.1  Characterization of Source Emissions 
 

Inherent in operations that use minerals in aggregate form is the handling and 
transfer of materials from one process to another (e.g., to and from storage).  Outdoor 
storage piles are usually left uncovered, partially because of the need for frequent 
material transfer into or out of storage.  Dust emissions occur at several points in the 
storage cycle, such as material loading onto the pile, disturbances by strong wind 
currents, and loadout from the pile.  The movement of trucks and loading equipment in 
the storage pile area is also a substantial source of dust.  Dust emissions also occur at 
transfer points between conveyors or in association with vehicles used to haul aggregate 
materials 
 
4.2  Emissions Estimation:  Primary Methodology1-13 
 

The quantity of dust emissions from aggregate storage operations varies with the 
volume of aggregate passing through the storage cycle.  Emissions also depend on  the 
age of the pile, moisture content, and proportion of aggregate fines.  When freshly 
processed aggregate is loaded onto a storage pile, the potential for dust emissions is at a 
maximum.  Fines are easily disaggregated and released to the atmosphere upon exposure 
to air currents, either from aggregate transfer itself or from high winds.  However, as the 
aggregate pile weathers the potential for dust emissions is greatly reduced.  Moisture 
causes aggregation and cementation of fines to the surfaces of larger particles.  Any 
significant rainfall soaks the interior of the pile, and then the drying process is very slow. 
 

Table 4-1 summarizes measured moisture and silt content values for industrial 
aggregate materials.  Silt (particles equal to or less than 75 micrometers [µm] in diameter) 
content is determined by measuring the portion of dry aggregate material that passes 
through a 200-mesh screen, using ASTM-C-136 method.1
 

Total dust emissions from aggregate storage piles result from several distinct source 
activities within the storage cycle: 
 

1. Loading of aggregate onto storage piles (batch or continuous drop operations). 

2. Equipment traffic in storage area. 

3. Wind erosion of pile surfaces and ground areas around storage piles (see 
Chapter 9). 

4. Loadout of aggregate for shipment or for return to the process stream (batch or 
continuous drop operations). 
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Table 4-1.  Typical Silt and Moisture Contents of Materials at Various Industriesa

Silt content (%) Moisture content (%) 

Industry 
No. of  

facilities      Material
No. of  

samples Range Mean
No. of  

samples Range Mean

Iron and steel production 9 Pellet ore 13 1.3-13 4.3 11 0.64-4.0 2.2 

         Lump ore 9 2.8-19 9.5 1.6-8.06 5.4

         Coal 12 2.0-7.7 4.6 11 2.8-11 4.8

        Slag 3 3.0-7.3 5.3 0.25-2.03 0.92

          Flue dust 3 2.7-23 13 1 – 7

         Coke breeze 2 4.4-5.4 4.9 6.4-9.22 7.8

          Blended ore 1 – 15 1 – 6.6

         Sinter 1 – 0.7 0 – –

         Limestone 3 0.4-2.3 1.0 2 ND 0.2

Stone quarrying and processing 2 Crusted limestone 2 1.3-1.9 1.6 2 0.3-1.1 0.7 

  Various limestone products 8 0.8-14 3.9 8 0.46-5.0 2.1 

1        Pellets 9 2.2-5.4 3.4 7 0.05-2.0 0.9Taconite mining and processing 

        Tailings 2 ND 11 1 – 0.4

4        Coal 15 3.4-16 6.2 7 2.8-20 6.9

        Overburden 15 3.8-15 7.5 0 – –

Western surface coal mining 

        Exposed ground 3 5.1-21 15 3 0.8-6.4 3.4

Coal-fired power plant 1 Coal (as received) 60 0.6-4.8 2.2 59 2.7-7.4 4.5 

4        Sand 1 – 2.6 1 – 7.4

        Slag 2 3.0-4.7 3.8 2 2.3-4.9 3.6

        Cover 5 5.0-16 9.0 5 8.9-16 12

        Clay/dirt mix 1 – 9.2 1 – 14

        Clay 2 4.5-7.4 6.0 2 8.9-11 10

        Fly ash 4 78-81 80 4 26-29 27

Municipal solid waste landfills 

 Misc. fill materials 1 – 12 1 – 11 
a  References 1-10.  ND = no data. 
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Either adding aggregate material to a storage pile or removing it usually involves 

dropping the material onto a receiving surface.  Truck dumping on the pile or loading out 
from the pile to a truck with a front-end loader are examples of batch drop operations.  
Adding material to the pile by a conveyor stacker is an example of a continuous drop 
operation. 

 
The quantity of particulate emissions generated by either type of drop operation, 

expressed as a function of the amount of material transferred, may be estimated using the 
following empirical expression:11

 
Metric Units 
 
 
 
 
 
Nonmetric Units 
 
 
where: 
 
 E = emission factor 
 k = particle size multiplier (dimensionless) 
 U = mean wind speed (meters per second, m/s, or miles per hour, mph) 
 M = material moisture content (%) 
 
The particle size multiplier in the equation, k, varies with aerodynamic particle size 
range, as follows: 
 

Aerodynamic Particle Size Multiplier (k) for Equation (1) 
PM30 PM15 PM10 PM5 PM2.5 

0.74 0.48 0.35 0.20 0.11 

 
The equation retains the assigned quality rating of A if applied within the ranges of 

source conditions that were tested in developing the equation; see table below.  Note that 
silt content is included, even though silt content does not appear as a correction parameter 
in the equation.  While it is reasonable to expect that silt content and emission factors are 
interrelated, no significant correlation between the two was found during the derivation 
of the equation, probably because most tests with high silt contents were conducted under 
lower winds, and vice versa.  It is recommended that estimates from Equation 1 be 
reduced one quality rating level if the silt content used in a particular application falls 
outside the following range: 
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Ranges of Source Conditions for Equation 1 
Wind speed Silt content 

(%) 
Moisture content 

(%) m/s mph 
0.44 - 19 0.25 - 4.8 0.6 - 6.7 1.3 - 15 

 
For Equation 1 to retain the quality rating of A when applied to a specific facility, 

reliable correction parameters must be determined for the specific sources of interest.  
The field and laboratory procedures for aggregate sampling are given in Reference 3.  In 
the event that site-specific values for correction parameters cannot be obtained, the 
appropriate mean values from Table 4-1 may be used, but the quality rating of the 
equation is reduced by one letter. 
 

For emissions from trucks, front-end loaders, dozers, and other vehicles traveling 
between or on piles, it is recommended that the equations for vehicle traffic on unpaved 
surfaces be used (see Chapter 6).  For vehicle travel between storage piles, the silt 
value(s) for the areas among the piles (which may differ from the silt values for the stored 
materials) should be used. 
 

Worst-case emissions from storage pile areas occur under dry, windy conditions.  
Worst-case emissions from materials-handling operations may be calculated by 
substituting into the equation appropriate values for aggregate material moisture content 
and for anticipated wind speeds during the worst case averaging period, usually 24 hours.  
A separate set of nonclimatic correction parameters and source extent values 
corresponding to higher than normal storage pile activity also may be justified for the 
worst-case averaging period. 

 
4.3  Demonstrated Control Techniques 
 

Watering and the use of chemical wetting agents are the principal means for control 
of emissions from materials handling operations involving transfer of bulk minerals in 
aggregate form.  The handling operations associated with the transfer of materials to and 
from open storage piles (including the traffic around piles) represent a particular 
challenge for emission control.  Dust control can be achieved by: (a) source extent 
reduction (e.g., mass transfer reduction), (b) source improvement related to work 
practices and transfer equipment such as load-in and load-out operations (e.g., drop 
height reduction, wind sheltering, moisture retention)), and (c) surface treatment (e.g., 
wet suppression). 

 
In most cases, good work practices which confine freshly exposed material provide 

substantial opportunities for emission reduction without the need for investment in a 
control application program.  For example, loading and unloading can be confined to 
leeward (downwind) side of the pile.  This statement also applies to areas around the pile 
as well as the pile itself.  In particular, spillage of material caused by pile load-out and 
maintenance equipment can add a large source component associated with traffic-
entrained dust.  Emission inventory calculations show, in fact, that the traffic dust 
component may easily dominate over emissions from transfer of material and wind 
erosion.  The prevention of spillage and subsequent spreading of material by vehicles 
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traversing the area is essential to cost-effective emission control.  If spillage cannot be 
prevented because of the need for intense use of mobile equipment in the storage pile 
area, then regular cleanup should be employed as a necessary mitigative measure. 

 
Fugitive emissions from aggregate materials handling systems are frequently 

controlled by wet suppression systems.  These systems use liquid sprays or foam to 
suppress the formation of airborne dust.  The primary control mechanisms are those that 
prevent emissions through agglomerate formation by combining small dust particles with 
larger aggregate or with liquid droplets.  The key factors that affect the degree of 
agglomeration and, hence, the performance of the system are the coverage of the material 
by the liquid and the ability of the liquid to “wet” small particles.  There are two types of 
wet suppression systems—liquid sprays which use water or water/surfactant mixtures as 
the wetting agent and systems which supply foams as the wetting agent. 

 
Liquid spray wet suppression systems can be used to control dust emissions from 

materials handling at conveyor transfer points.  The wetting agent can be water or a 
combination of water and a chemical surfactant.  This surfactant, or surface active agent, 
reduces the surface tension of the water.  As a result, the quantity of liquid needed to 
achieve good control is reduced.   

 
Watering is also useful to reduce emissions from vehicle traffic in the storage pile 

area.  Continuous chemical treating of material loaded onto piles, coupled with watering 
or treatment of roadways, can reduce total particulate emissions from aggregate storage 
operations by up to 90%.12   

 
Table 4-2 presents the control efficiency achieved by increasing the moisture content 

of a material by a factor of two above its normal “dry” state using a continuous water 
spray at a conveyor storage point.  The efficiency of 62% is calculated by utilizing the 
AP-42 emission factor equation from Equation 1, which contains a correction term for 
moisture content. 

 
Table 4-2.  Control Efficiencies for Control Measures for Materials Handling 

Control measure 

PM10 
control 

efficiency References/comments 
Continuous water 
spray at conveyor 
transfer point 

62% AP-42 emission factor equation for materials handling 
due to increasing soil moisture from 1% to 2%. 

 
4.4  Regulatory Formats 
 

Fugitive dust control options have been embedded in many regulations for state and 
local agencies in the WRAP region.  Regulatory formats specify the threshold source size 
that triggers the need for control application.  Example regulatory formats for several 
local air quality agencies in the WRAP region are presented in Table 4-3.  The website 
addresses for obtaining information on fugitive dust regulations for local air quality 
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districts within California, for Clark County, NV, and for Maricopa County, AZ, are as 
follows: 

• Districts within California:  www.arb.ca.gov/drdb/drdb.htm 
• Clark County, NV:  www.co.clark.nv.us/air_quality/regs.htm 
• Maricopa County, AZ:  http://www.maricopa.gov/envsvc/air/ruledesc.asp 

(Note:  The Clark County website did not include regulatory language specific to 
materials handling at the time this chapter was written.) 
 
4.5  Compliance Tools 
 

Compliance tools assure that the regulatory requirements, including application of 
dust controls, are being followed.  Three major categories of compliance tools are 
discussed below. 
 

Record keeping:  A compliance plan is typically specified in local air quality rules 
and mandates record keeping of source operation and compliance activities by the source 
owner/operator.  The plan includes a description of how a source proposes to comply 
with all applicable requirements, log sheets for daily dust control, and schedules for 
compliance activities and submittal of progress reports to the air quality agency.  The 
purpose of a compliance plan is to provide a consistent reasonable process for 
documenting air quality violations, notifying alleged violators, and initiating enforcement 
action to ensure that violations are addressed in a timely and appropriate manner. 
 

Site inspection:  This activity includes (1) review of compliance records, 
(2) proximate inspections (sampling and analysis of source material), and (3) general 
observations.  An inspector can use photography to document compliance with an air 
quality regulation. 
 

On-site monitoring:  EPA has stated that “An enforceable regulation must also 
contain test procedures in order to determine whether sources are in compliance.”  
Monitoring can include observation of visible plume opacity, surface testing for crust 
strength and moisture content, and other means for assuring that specified controls are in 
place. 
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Table 4-3.  Example Regulatory Formats for Materials Handling 
CAPCOA Maricopa County, AZ 

Control Measure Goal Threshold Agency Control Measure Goal Threshold Agency 
           
Establishes wind barrier and watering 
or stabilization requirements and bulk 
materials must be stored according to 
stabilization definition and outdoor 
materials covered 

Limit visible dust 
emissions to 20% opacity 

 SJVAPCD
Rule 8031 
11/15/2001 

 Watering, dust suppressant 
(when loading, stacking, 
etc.); cover with tarp, 
watering (when not loading, 
etc.); wind barriers, silos, 
enclosures, etc. 

Limit VDE to 20% 
opacity; stabilize 
soil 

For storage piles with 
>5% silt content, 3ft 
high, >/=150 sq ft; work 
pracs for stacking, 
loading, unloading, and 
when inactive; soil 
moisture content min 
12%; or at least 70% 
min for optimum soil 
moisture content; 3 
sided enclosures, at 
least equal to pile in 
length, same for ht, 
porosity </=50% 

Maricopa County    
Rule 310 
04/07/2004 

          
Best available control measures:  wind 
sheltering, watering, chemical 
stabilizers, altering load-in/load-out 
procedures, or coverings 

Prohibits visible dust 
emissions beyond 
property line and limits 
upwind/downwind PM10 
differential to 50 ug/m3 

  SCAQMD
Rule 403 

12/11/1998 

      

          
    Watering, clean debris from 

paved roads and other 
surface after demolition 

Stabilize 
demolition debris 
and surrounding 
area; establish 
crust and prevent 
wind erosion 

Immediately water and 
clean-up after 
demolition 

Maricopa County    
Rule 310 
04/07/2004 

           
Additional bulk material control 
requirements for Coachella Valley 

Control bulk material 
emissions 

Coachella Valley SCAQMD 
Rule 403.1 
1/15/1993 

Utilization of dust 
suppressants other than 
water when necessary; 
prewater; empty loader 
bucket slowly 

Prevent wind 
erosion from 
piles; stabilize 
condition where 
equip and 
vehicles op 

Bulk material handling 
for stacking, loading, 
and unloading; for haul 
trucks and areas where 
equipment op 

Maricopa County    
Rule 310 
04/07/2004 

 



 
 

Table 4-4 summarizes the compliance tools that are applicable to materials handling. 
 

Table 4-4.  Compliance Tools for Materials Handling 
Record keeping Site inspection/monitoring 

Site map; work practices and locations; 
material throughputs; type of material 
and size characterization; typical 
moisture content when fresh; 
vehicle/equipment disturbance areas; 
material transfer points and drop 
heights; spillage and cleanup 
occurrences; wind fence/enclosure 
installation and maintenance; dust 
suppression equipment and main-
tenance records; frequencies, amounts, 
times, and rates for watering and dust 
suppressants; meteorological log. 

Observation of material transfer 
operations and storage areas (including 
spills), operation of wet suppression 
systems, vehicle/ equipment operation 
and disturbance areas; surface material 
sampling and analysis for silt and 
moisture contents; inspection of wind 
sheltering including enclosures; real-time 
portable monitoring of PM; observation of 
dust plume opacities exceeding a 
standard. 

 
4.6  Sample Cost-Effectiveness Calculation 
 

This section is intended to demonstrate how to select a cost-effective control 
measure for materials handling.  A sample cost-effectiveness calculation is presented 
below for a specific control measure(continuous water spray  at conveyor transfer point) 
to illustrate the procedure.  The sample calculation includes the entire series of steps for 
estimating uncontrolled emissions (with correction parameters and source extent), 
controlled emissions, emission reductions, control costs, and control cost-effectiveness 
values for PM10 and PM2.5.  In selecting the most advantageous control measure for 
construction and demolition, the same procedure is used to evaluate each candidate 
control measure (utilizing the control measure specific control efficiency and cost data), 
and the control measure with the most favorable cost-effectiveness and feasibility 
characteristics is identified. 
 

Sample Calculation for Materials Handling 
(Conveyor Transfer Point) 

 

Step 1.  Determine source activity and control application parameters.   
 

Material throughput (tons/hr) 25 
Operating cycle (hr/day) 12 
Number of workdays/wk 6 
Number of workdays/yr 312 
Number of transfer points 1 
Control Measure Water spray located at 

conveyor transfer point 
Control application/frequency Continuous 
Economic Life of Control System (yr) 10 
Control Efficiency (from emission factor 
equation; see step 2) 

62% 
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The material throughput, operating cycle, number of workdays a week, number of 
transfer points, and economic life are assumed values for illustrative purposes.  The 
number of workdays per year are calculated by multiplying the number of workdays 
per week by 52 weeks per year.  A water spray located at conveyor transfer points 
has been chosen as the applied control measure.  The control application/frequency 
and control efficiency are derived from the equation in Section 13.2.4 of AP-42 (i.e., 
Equation 1) based on the increase in moisture content. 
 
Step 2.  Calculate Emission Factor.  The PM2.5 and PM10 emission factors are 
calculated from the AP-42 equation utilizing the appropriate correction parameters. 
 

E=k(0.0032)*((U/5)1.3/(M/2)1.4) 
 

k—PM2.5 (dimensionless) 0.11 
k—PM10 (dimensionless) 0.35 
U—mean wind speed (mph) 6 
M—moisture content (%) 1 

 
• EPM10 = 0.0038 lb/ton 
• EPM2.5 = 0.0012 lb/ton 

 
Step 3.  Calculate Uncontrolled PM Emissions.  The emission factors (calculated in 
Step 2) are multiplied by the material throughput, operating cycle, and workdays per 
year (all under activity data) and then divided by 2,000 lbs to compute the annual 
emissions in tons per year, as follows: 
 

Annual emissions = (Emission Factor x Material Throughput x Operating Cycle x 
Workdays/yr)/2,000 

 
• Annual PM10 Emissions = (0.004 x 25 x 12 x 312)/2000 = 0.175 tons 
• Annual PM2.5 Emissions = (0.001 x 25 x 12 x 312)/2000 = 0.055 tons 

 
Step 4.  Calculate Controlled PM Emissions.  The uncontrolled emissions (calculated 
in Step 3) are multiplied by the percentage that uncontrolled emissions are reduced, 
as follows: 
 

Controlled emissions = Uncontrolled emissions x (1 – Control Efficiency), 
where CE = 62% (as seen under activity data) 

 
For this example, we have selected a water spray at a conveyor transfer point as our 
control measure.  Based on a control efficiency estimate of 62%, the annual 
emissions estimate is calculated to be: 
 

Annual Controlled PM10 emissions = (0.175 tons) x (1 –0.62) = 0.066 tons 
Annual Controlled PM2.5 emissions = (0.055 tons) x (1 –0.62) = 0.021 tons 

 
Step 5.  Determine Annual Cost to Control PM Emissions.   
 

Capital costs ($) 16,000 
Operating/Maintenance costs ($) 8,000 
Overhead costs ($) 4,000 
Enforcement/Compliance costs ($) 200 
Annual Interest Rate  3% 
Capital Recovery Factor 0.12 
Total Cost ($) 28,200 
Annualized Cost ($/yr) 14,076 

 



 
The Capital costs, the Operating/Maintenance costs, and the Enforcement/Compliance 
costs are default values determined from current sources (e.g. Sierra Research, 2003).14

 
The Overhead costs are typically one-half of the Operating/Maintenance costs 
Overhead costs = $8,000/2 = $4,000. 
 
The Annual Interest Rate (AIR) is based on the most up to date information and sources. 
 
The Capital Recovery Factor (CRF) is figured by multiplying the Annual Interest Rate by 
1 plus the AIR, raised to the exponent of the Economic life of the control system .  Then 
divide by 1 plus the AIR to the Economic life minus 1, as follows: 
 

Capital Recovery Factor = AIR x (1+AIR) Economic life / (1+AIR) Economic life– 1 
 

Capital Recovery Factory = 3% x (1+ 3%)10 / (1+ 3%)10 – 1 = 0.12 
 
The Total Cost is the sum of the Capital costs, Operating/Maintenance costs, Overhead 
costs, and the Enforcement/Compliance costs: 
 
Total Cost = Capital costs + Operating/Maintenance costs + Overhead + 
Enforcement/Compliance costs 
 

Total Cost = 16,000 + 8,000 + 4,000 + 200 = $28,200 
 
The Annualized Cost is calculated by adding the product of the Capital Recovery Factor 
by the Capital costs with the Operating/Maintenance costs and the Overhead costs and 
the Enforcement/Compliance costs: 
 
Annualized Cost = (CRF x Capital costs) + Operating/Maintenance + Overhead costs + 
Enforcement/Compliance costs 
 

Annualized Cost = (0.12 x 16,000) + 8,000 + 4,000 + 200 = $14,076 
 
Step 6.  Calculate Cost-effectiveness.  Cost-effectiveness is calculated by dividing the 
annualized cost by the emissions reduction.  The emissions reduction is determined by 
subtracting the controlled emissions from the uncontrolled emissions:   
 
Cost-effectiveness = Annualized Cost/ (Uncontrolled emissions – Controlled emissions) 

   
Cost-effectiveness for PM10 emissions = $14,076/ (0.175– 0.066) = $130,000/ton 
Cost-effectiveness for PM2.5 emissions = $14,076/ (0.055– 0.021) = $411,000/ton 
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5.1  Characterization of Source Emissions 
 

Particulate emissions occur whenever vehicles travel over a paved surface such as a 
road or parking lot.  Particulate emissions from paved roads are due to direct emissions 
from vehicles in the form of exhaust, brake wear and tire wear emissions, and 
resuspension of loose material on the road surface.  In general terms, resuspended 
particulate emissions from paved roads originate from, and result in the depletion of the 
loose material present on the surface (i.e., the surface loading).  In turn, that surface 
loading is continuously replenished by other sources.  At industrial sites, surface loading 
is replenished by spillage of material and trackout from unpaved roads and staging areas.  

 
Various field studies have found that public streets and highways as well as 

roadways at industrial facilities can be major sources of the atmospheric particulate 
matter within an area.1-9  Of particular interest in many parts of the United States are the 
increased levels of emissions from public paved roads when the equilibrium between 
deposition and removal processes is upset.  This situation can occur for various reasons, 
including application of granular materials for snow and ice control, mud/dirt carryout 
from construction activities in the area, and deposition from wind and/or water erosion of 
surrounding unstabilized areas.  In the absence of continuous addition of fresh material 
(through localized trackout or application of antiskid material), paved road surface 
loading should reach an equilibrium value in which the amount of material resuspended 
matches the amount replenished.  The equilibrium surface loading value depends upon 
numerous factors.  It is believed that the most important factors are:  the mean speed of 
vehicles traveling the road, the average daily traffic (ADT), the number of lanes and ADT 
per lane, the fraction of heavy vehicles (buses and trucks), and the presence or absence of 
curbs, storm sewers and parking lanes.10

 

 

5.2  Emissions Estimation:  Primary Methodology1-28 
 

This section was adapted from Section 13.2.1 of EPA’s Compilation of Air 
Pollutant Emission Factors (AP-42).  Section 13.2.1 was last updated in 
December 2003. 

 
Dust emissions from paved roads have been found to vary with what is termed the 

“silt loading” present on the road surface as well as the average weight of vehicles 
traveling the road.  The term silt loading (sL) refers to the mass of silt-size material 
(equal to or less than 75 micrometers [µm] in physical diameter) per unit area of the 
travel surface.  The total road surface dust loading consists of loose material that can be 
collected by broom sweeping and vacuuming of the traveled portion of the paved road.  
The silt fraction is determined by measuring the proportion of the loose dry surface dust 
that passes through a 200-mesh screen using the ASTM-C-136 method.  Silt loading is 
the product of the silt fraction and the total loading, and is abbreviated “sL.”  Additional 
details on the sampling and analysis of such material are provided in AP-42 Appendices 
C.1 and C.2.  A method developed by Desert Research Institute (DRI) to obtain real-time 
measurements of silt loading is discussed in Appendix B. 
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The surface silt loading (sL) provides a reasonable means of characterizing seasonal 
variability in a paved road emission inventory.  In many areas of the country, road 
surface silt loadings are heaviest during the late winter and early spring months when the 
residual loading from snow/ice controls is greatest.11-21  As noted earlier, once 
replenishment of fresh material is eliminated, the road surface silt loading can be 
expected to reach an equilibrium value, which is substantially lower than the late 
winter/early spring values. 

 
The quantity of particulate emissions from resuspension of loose material on the road 

surface due to vehicle travel on a dry paved road may be estimated using the following 
empirical expression: 

 
 (
 

where,  
E = particulate emission factor (having units matching the units of k), 
k = particle size multiplier for particle size range, 
sL = road surface silt loading (grams per square meter, g/m2), 
W = average weight (tons) of the vehicles traveling the road, and 
C = emission factor for 1980’s vehicle fleet exhaust, brake wear and tire wear.

 
It is important to note that Equation 1 calls for the average weight of all vehicles 

traveling the road.  For example, if 99% of traffic on the road are 2-ton cars/trucks whil
the remaining 1% consists of 20-ton trucks, then the mean weight “W” is 2.2 tons.  Mo
specifically, Equation 1 is not intended to be used to calculate a separate emission facto
for each vehicle weight class.  Instead, only one emission factor should be calculated to
represent the “fleet” average weight of all vehicles traveling the road. 
 

The particle size multiplier (k) above varies with aerodynamic size range as shown
Table 5-1.  To determine particulate emissions for a specific particle size range, use the
appropriate value of k shown in Table 5-1. 
 

The emission factor for the exhaust, brake wear and tire wear of a 1980’s vehicle 
fleet (C) was obtained from EPA’s MOBILE6.2 model.28  The emission factor also vari
with aerodynamic size range as shown in Table 5-2.  Equation 1 is based on a regressio
analysis of numerous emission tests, including 65 tests for PM10.10  Sources tested 
include public paved roads, as well as controlled and uncontrolled industrial paved road
All sources tested were of freely flowing vehicles traveling at constant speed on 
relatively level roads.  No tests of “stop-and-go” traffic or vehicles under load were 
available for inclusion in the data base.  The equation retains the quality rating of A 
(B for PM2.5), if applied within the range of source conditions that were tested in 
developing the equation, as follows: 

Silt loading:  0.03 - 400 g/m2; 0.04 - 570 grains/square foot 
Mean vehicle weight:  1.8 - 38 megagrams; 2.0 - 42 tons 
Mean vehicle speed:  16 - 88 kilometers per hour; 10 - 55 miles per hou
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Table 5-1.  Particle Size Multipliers for Paved Road Equation 

Particle size multiplier kb

Size rangea g/VKT g/VMT lb/VMT 
PM2.5c 1.1 1.8 0.0040 

PM10 4.6 7.3 0.016 

PM15 5.5 9.0 0.020 

PM30d 24 38 0.082 
a Refers to airborne particulate matter (PMx) with an aerodynamic diameter equal to or less 

than x micrometers (µm). 
b Units shown are grams per vehicle kilometer traveled (g/VKT), grams per vehicle mile traveled 

(g/VMT), and pounds per vehicle mile traveled (lb/VMT).  The multiplier k includes unit 
conversions to produce emission factors in the units shown for the indicated size range from 
the mixed units required in Equation 1. 

c Extrapolated from PM2.5 to PM10 ratio taken from Reference 22. 
d PM30 is sometimes termed “suspendable particulate” (SP) and is often used as a surrogate 

for total suspended particulate (TSP). 
 

Table 5-2.  Emission Factor for 1980’s Vehicle Fleet Exhaust,  
Brake Wear, and Tire Wear 
C, Emission factor for exhaust, brake wear, and tire wearb

Particle size rangea g/VMT g/VKT lb/VMT 
PM2.5 0.1617 0.1005 0.00036 

PM10 0.2119 0.1317 0.00047 

PM15 0.2119 0.13.17 0.00047 

PM30c 0.2119 0.1317 0.00047 
a Refers to airborne particulate matter (PMx) with an aerodynamic diameter equal to or less 

than x micrometers (µm).. 
b Units shown are grams per vehicle kilometer traveled (g/VKT), grams per vehicle mile traveled 

(g/VMT), and pounds per vehicle mile traveled (lb/VMT). 
c PM30 is sometimes termed “suspendable particulate” (SP) and is often used as a surrogate 

for total suspended particulate (TSP). 
 

NOTE:  There may be situations where low silt loading and/or low average weight 
will yield calculated negative emissions from Equation 1.  If this occurs, the emissions 
calculated from Equation 1 should be set to zero. 
 

Users are cautioned that application of Equation 1 outside of the range of variables 
and operating conditions specified above (e.g., application to roadways or road networks 
with speeds below 10 mph and with stop-and-go traffic) will result in emission estimates 
with a higher level of uncertainty. 
 

To retain the quality rating of A for PM10 (quality rating of B for PM2.5) for the 
emission factor equation when it is applied to a specific paved road, it is necessary that 
reliable correction parameter values for the specific road in question be determined.  With 
the exception of limited access roadways, which are difficult to sample, the collection 
and use of site-specific silt loading (sL) data for public paved road emission inventories 
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are strongly recommended.  The field and laboratory procedures for determining surface 
material silt content and surface dust loading are summarized in Appendices C.1 and C.2 
of AP-42.  In the event that site-specific silt loading values cannot be obtained, an 
appropriate value for a paved public road may be selected from the default values given 
in Table 5-3, but the quality rating of the equation should be reduced by two levels.  Also, 
recall that Equation 1 refers to emissions due to freely flowing (not stop-and-go) traffic at 
constant speed on level roads. 
 

Equation 1 may be extrapolated to average uncontrolled conditions (but including 
natural mitigation) under the simplifying assumption that annual (or other long-term) 
average emissions are inversely proportional to the frequency of measurable (at least 
0.254 mm [0.01 inch]) precipitation by application of a precipitation correction term.  
The precipitation correction term can be applied on a daily or an hourly basis.26

 
For the daily basis, Equation 1 becomes: 

 
 
 

 
where k, sL, W, and C are as defined in Equation 1 and 
 

Eext  = annual or other long-term average emission factor in the same units as k, 
P = number of “wet” days with at least 0.254 mm (0.01 in) of precipitation 

during the averaging period, and 
N = number of days in the averaging period (e.g., 365 for annual, 91 for 

seasonal, 30 for monthly) 
 

Note that the assumption leading to Equation 2 is based by analogy with the 
approach used to develop long-term average unpaved road emission factors in Chapter 6.  
However, Equation 2 above incorporates an additional factor of “4” in the denominator to 
account for the fact that paved roads dry more quickly than unpaved roads and that the 
precipitation may not occur over the complete 24-hour day. 

 
Table 5-3.  Ubiquitous Silt Loading Default Values with Hot Spot Contributions 

from Anti-Skid Abrasives for Public Paved Roads (g/m2) 
Average Daily Traffic (ADT) Category < 500 500-5,000 5,000-10,000 > 10,000 
Ubiquitous baseline (g/m2) 0.6 0.2 0.06 0.03 

0.015 limited 
access 

Ubiquitous winter baseline 
multiplier during months with 
frozen precipitation 

X4 X3 X2 X1 

Initial peak additive contribution  
from application of antiskid abrasive 
(g/m2) 

2 2 2 2 

Days to return to baseline conditions 
(assume linear decay) 

7 3 1 0.5 
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For the hourly basis, Equation 1 becomes: 

 
 
 
 

where k, sL, and W, and C are as defined in Equation 1 and 
 

Eext = annual or other long-term average emission factor in the same units as k, 
P = number of hours with at least 0.254 mm (0.01 in) of precipitation during 

the averaging period, and 
N = number of hours in the averaging period (e.g., 8,760 for annual; 2,124 

for season; 720 for monthly). 
 
Note that the assumption leading to Equation 3 is based by analogy with the approach 
used to develop long-term average unpaved road emission factors in Chapter 6.  Also 
note that in the hourly moisture correction term (1-1.2P/N) for Equation 3, the 1.2 
multiplier is applied to account for the residual mitigative effect of moisture.  For most 
applications, this equation will produce satisfactory results.  However, if the time interval 
for which the equation is applied is short (e.g., 1 hour or 1 day), the application of this 
multiplier makes it possible for the moisture correction term to become negative.  This 
will result in calculated negative emissions which is not realistic.  Users should expand 
the time interval to include sufficient “dry” hours such that negative emissions are not 
calculated.  For the special case where this equation is used to calculate emissions on an 
hour by hour basis, such as would be done in some emissions modeling situations, the 
moisture correction term should be modified so that the moisture correction “credit” is 
applied to the first hours following cessation of precipitation.  In this special case, it is 
suggested that this 20% “credit” be applied on a basis of one hour credit for each hour of 
precipitation up to a maximum of 12 hours. 
 

Maps showing the geographical distribution of “wet” days on an annual basis for the 
United States based on meteorological records on a monthly basis are available in the 
Climatic Atlas of the United States.23  Alternative sources include other Department of 
Commerce publications such as local climatological data summaries.  The National 
Climatic Data Center (NCDC) offers several products that provide hourly precipitation 
data.  In particular, NCDC offers a Solar and Meteorological Surface Observation 
Network 1961-1990 (SAMSON) CD-ROM, which contains 30 years worth of hourly 
meteorological data for first-order National Weather Service locations.  Whatever 
meteorological data are used, the source of that data and the averaging period should be 
clearly specified.  It is emphasized that the simple assumption underlying Equations 2 
and 3 has not been verified in any rigorous manner.  For that reason, the quality ratings 
for Equations 2 and 3 should be downgraded one letter from the rating that would be 
applied to Equation 1. 

 
Table 5-3 presents recommended default silt loadings for normal baseline conditions 

and for wintertime baseline conditions for public paved roads in areas that experience 
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frozen precipitation with periodic application of antiskid material.24  The winter baseline 
is represented as a multiple of the nonwinter baseline, depending on the average daily 
vehicle traffic count (ADT) value for the road in question.  As shown, a multiplier of 4 is 
applied for low volume roads (< 500 ADT) to obtain a wintertime baseline silt loading of 
4 X 0.6 = 2.4 g/m2. 
 

It is suggested that an additional (but temporary) silt loading contribution of 2 g/m2 
occurs with each application of antiskid abrasive for snow/ice control.  This was 
determined based on a typical application rate of 500 lb per lane mile and an initial silt 
content of 1%.  Ordinary rock salt and other chemical deicers add little to the silt loading 
because most of the chemical dissolves during the snow/ice melting process. 

 
To adjust the baseline silt loadings for mud/dirt trackout, the number of trackout 

points is required.  It is recommended that in calculating PM10 emissions, six additional  
miles of road be added for each active trackout point from an active construction site, to 
the paved road mileage of the specified category within the county.  In calculating PM2.5 
emissions, it is recommended that three additional miles of road be added for each 
trackout point from an active construction site.  It is suggested the number of trackout 
points for activities other than road and building construction areas be related to land use.  
For example, in rural farming areas, each mile of paved road would have a specified 
number of trackout points at intersections with unpaved roads.  This value could be 
estimated from the unpaved road density (miles per square mile). 

 
The use of a default value from Table 5-3 should be expected to yield only an order-

of-magnitude estimate of the emission factor.  Public paved road silt loadings are 
dependent upon: traffic characteristics (speed, ADT, and fraction of heavy vehicles); road 
characteristics (curbs, number of lanes, parking lanes); local land use (agriculture, new 
residential construction) and regional/seasonal factors (snow/ice controls, wind blown 
dust).  As a result, the collection and use of site-specific silt loading data is highly 
recommended.  In the event that default silt loading values are used, the quality ratings 
for the equation should be downgraded two levels. 
 

Limited access roadways (high speed freeways) pose severe logistical difficulties in 
terms of surface sampling, and few silt loading data are available for such roads.  
Nevertheless, the available data do not suggest great variation in silt loading for limited 
access roadways from one part of the country to another.  For annual conditions, a default 
value of 0.015 g/m2 is recommended for limited access roadways.9,22  Even fewer of the 
available data correspond to worst-case situations, and elevated loadings are observed to 
be quickly depleted because of high traffic speeds and high ADT rates.  A default value 
of 0.2 g/m2 is recommended for short periods of time following application of snow/ice 
controls to limited access roads.22

 
The limited data on silt loading values for industrial roads have shown as much 

variability as public roads.  Because of the variations of traffic conditions and the use of 
preventive mitigative controls, the data probably do not reflect the full extent of the 
potential variation in silt loading on industrial roads.  However, the collection of site 
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specific silt loading data from industrial roads is easier and safer than for public roads.  
Therefore, the collection and use of site-specific silt loading data is preferred and is 
highly recommended.  In the event that site-specific values cannot be obtained, an 
appropriate value for an industrial road may be selected from the mean values given in 
Table 5-4, but the quality rating of the equation should be reduced by two levels. 

 
5.3  Emission Estimation:  Alternate Methodology 

 
This section was adapted from Section 7.9 of CARB’s Emission Inventory 
Methodology.  Section 7.9 was last updated in July 1997. 
 

The paved road dust category includes emissions of fugitive dust particulate matter 
entrained by vehicular travel on paved roads.  The California Air Resources Board 
(CARB) estimates road dust emissions for the following four classes of roads:  
(1) freeways/expressways, (2) major streets/highways, (3) collector streets, and (4) local 
streets.  Dust emissions from vehicle travel on paved roads are computed using the 
emission factor equation provided in AP-42 (see Section 5.2 of this document).  Inputs to 
the paved road dust equation were developed from area-specific roadway silt loading and 
average vehicle weight data measured by Midwest Research Institute (MRI, 1996).29 

 
Data from states and air districts are used to estimate county specific VMT (vehicle 

miles traveled) data.30, 31  State highway32 data are used to estimate the fraction of travel 
on each of the four road types in each county. 

 
The statewide average vehicle weight for California is assumed to be 2.4 tons.  This 

estimate is based on an informal traffic count estimated by MRI while they were 
performing California silt loading measurements.29  CARB assumes the following silt 
loadings for the four road categories:  0.02 g/m2 for freeways, 0.035 g/m2 for major 
roads, and 0.32 g/m2 for collector and local roads.33  The PM2.5/PM10 ratio for paved 
road dust published by CARB is 0.169.34 
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Table 5-4   Typical Silt Content and Loading Values for Paved Roads at Industrial Facilitiesa  
(Metric And English Units). 
Silt content (%) Total loading x 10–3 Silt loading (g/m2) 

Industry 
No. of 
sites 

No. of 
samples Range      Mean

No. of 
travel 
lanes Range Mean Unitsb Range Mean

1         3 15.4-21.7 19.0 2 12.9-19.5 15.9 kg/km 188-400 292Copper smelting 
       45.8-69.2 55.4 lb/mi 

9        48 1.1-35.7 12.5 2 0.006-4.77 0.495 kg/km 0.09-79 9.7Iron and steel production 
       0.020-16.9 1.75 lb/mi 

1          3 2.6-4.6 3.3 1 12.1-18.0 14.9 kg/km 76-193 120Asphalt batching 
       43.0-64.0 52.8 lb/mi 

1          3 5.2-6.0 5.5 2 1.4-1.8 1.7 kg/km 11-12 12Concrete batching 
         5.0-6.4 5.9 lb/mi

1          3 6.4-7.9 7.1 1 2.8-5.5 3.8 kg/km 53-95 70Sand and gravel 
processing        9.9-19.4 13.3 lb/mi 

Municipal solid waste 
landfill 

2         7 — — 2 — — — 1.1-32.0 7.4

Quarry      1 6 — — 2 — —  2.4-14 8.2
a References 1-2, 5-6, 11-13.  Dashes indicate information not available. 
b Multiply entries by 1,000 to obtain stated units; kilograms per kilometer (kg/km) and pounds per mile (lb/mi). 
 
 
 

 



Temporal activity is assumed to be the same as on-road vehicle travel:  uniform in 
spring and fall, increasing slightly in summer, and decreasing slightly in winter.  The 
monthly temporal profile below shows this trend.  The weekly and daily activities are 
estimated to have higher activities on weekdays and during daylight hours. 

 
ALL JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 
100 7.7 7.7 8.5 8.5 8.5 8.5 8.5 8.5 8.5 8.5 8.5 7.7 

 
This alternative methodology utilized by CARB is subject to the following 

assumptions and limitations: 
 

1. The current AP-42 emission factor assumes that road dust emissions are 
proportional to VMT, roadway silt loading, and average vehicle weight.   

2. It may be necessary to assume that virtually the same silt loading values apply 
throughout the state because of lack of measured silt loadings.   

3. The methodology assumes that roadway silt loading, and therefore the emission 
factor, varies by the type of road.   

4. It is assumed that the EPA particle size multiplier (i.e., the ‘k’ factor in the 
AP-42 equation) reasonably represents the size distribution of paved road dust.   

5. The average vehicle fleet weight is assumed to be 2.4 tons in California (except 
for the SCAQMD that assumes 3 tons).   

6. For freeway and major roads, emissions growth is assumed to be proportional to 
changes in roadway centerline mileage.  For collector and local roads, emissions 
growth is assumed proportional to changes in VMT. 

 
5.4  Demonstrated Control Techniques 
 

Because of the importance of road surface silt loading, control techniques for paved 
roads attempt either to prevent material from being deposited onto the surface (preventive 
controls) or to remove from the travel lanes any material that has been deposited 
(mitigative controls).  Covering of loads in trucks and the paving of access areas to 
unpaved lots or construction sites are examples of preventive measures.  Examples of 
mitigative controls include vacuum sweeping, water flushing, and broom sweeping and 
flushing.  Actual control efficiencies for any of these techniques can be highly variable.  
Locally measured silt loadings before and after the application of controls is the preferred 
method to evaluate controls.  It is particularly important to note that street sweeping of 
gutters and curb areas may actually increase the silt loading on the traveled portion of the 
road.  Redistribution of loose material onto the travel lanes will actually produce a short-
term increase in the emissions. 
 

In general, preventive controls are usually more cost effective than mitigative 
controls.  The cost-effectiveness of mitigative controls falls off dramatically as the size of 
an area to be treated increases.  The cost-effectiveness of mitigative measures is also 
unfavorable if only a short period of time is required for the road to return to equilibrium 
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silt loading condition.  That is to say, the number and length of public roads within most 
areas of interest preclude any widespread and routine use of mitigative controls.  On the 
other hand, because of the more limited scope of roads at an industrial site, mitigative 
measures may be used quite successfully (especially in situations where truck spillage 
occurs).  Note; however, that public agencies could make effective use of mitigative 
controls to remove sand/salt from roads after the winter ends. 
 

Because available controls will affect the silt loading, controlled emission factors 
may be obtained by substituting controlled silt loading values into the appropriate 
equation.  (Note that emission factors from controlled industrial roads were used in the 
development of the equation.)  The collection of surface loading samples from treated, as 
well as baseline (untreated) roads provides a means to track effectiveness of the controls 
over time. 
 

Table 5-5 summarizes tested control measures and reported control efficiencies for 
measures that reduce the generation of fugitive dust from paved roads. 
 
5.5  Regulatory Formats 
 

Fugitive dust control options have been embedded in many regulations for state and 
local agencies in the WRAP region.  Regulatory formats specify the threshold source size 
that triggers the need for control application.  Example regulatory formats for several 
local air quality agencies in the WRAP region are presented in Table 5-6.  The website 
addresses for obtaining information on fugitive dust regulations for local air quality 
districts within California, for Clark County, NV, and for Maricopa County, AZ, are as 
follows: 

• Districts within California:  www.arb.ca.gov/drdb/drdb.htm 
• Clark County, NV:  www.co.clark.nv.us/air_quality/regs.htm 
• Maricopa County, AZ:  www.maricopa.gov/envsvc/air/ruledesc.asp 
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Table 5-5.  Control Efficiencies for Control Measures for Paved Roads35-37 

Control measure Source component

PM10 
control 

efficiency References/comments 

Local streets 7% Implement street sweeping 
program with non-efficient 
vacuum units (14-day 
frequency) Arterial/collector 

streets 
11% 

MRI, September 1992.  For non-PM10 efficient 
sweepers based on 55% efficient sweeping, 
5.5 day equilibrium return time and CA-VMT 
weighted sweeping frequency (7 to 30 days) 

Local streets 16% Implement street sweeping 
program with PM10 
efficient vacuum units 
(14-day frequency) Arterial/collector 

streets 
26% 

MRI, September 1992.  For PM10 efficient 
sweepers, based on 86% efficient sweeping, 
8.6 day return time, and CA-VMT weighted 
sweeping frequency (7 to 30 days) 

Local streets 4% Require streets to be swept 
by non-efficient vacuum 
units (once per month 
frequency) Arterial/collector 

streets 
4% 

MRI, September 1992.  For non-PM10 efficient 
sweepers based on 55% efficient sweeping, 
5.5 day equilibrium return time and CA-VMT 
weighted sweeping frequency (7 to 30 days) 

Local streets 9% Require streets to be swept 
by PM10 efficient vacuum 
units (once per month 
frequency) Arterial/collector 

streets 
9% 

MRI, September 1992.  For PM10 efficient 
sweepers, based on 86% efficient sweeping, 
8.6 day return time, and CA-VMT weighted 
sweeping frequency (7 to 30 days) 

Require wind- or water-
borne deposition to be 
cleaned up within 24 hours 
after discovery 

All Streets 100% Assumes total cleanup of spill on roadway 
before traffic resumes 

Install pipe-grid trackout-
control device 

Mud/dirt carryout 80% Sierra Research, 2003. 

Install gravel bed trackout 
apron (3 in deep, 25 ft long 
and full road width) 

Mud/dirt carryout 46% MRI, April 2001 

Require paved interior 
roads to be 100 foot long 
and full road width, or add 
4 foot shoulder for paved 
roads 

Mud/dirt carryout 42% MRI, April 2001 

 
 



 
Table 5-6.  Example Regulatory Formats for Paved Roads 

 CAPCOA Clark County, NV Maricopa County, AZ   
Control 

Measure       Goal Threshold Agency Control Measure Goal Threshold Agency 
Control 

Measure Goal Threshold Agency
                        
Requires 
paved 
shoulders.  
As an option 
to paving or 
vegetation 
requirements, 
oils or 
chemical dust 
suppressants 
can be used 
and must be 
maintained 

Limit visible 
dust 
emissions to 
20% opacity 

Roads 
with 
average 
daily 
vehicle 
trips 
(ADVT) of 
500 or 
more 

SJVAPCD 
Rule 8061 
11/15/2001 

Requires paved 
travel section, 
and 4 ft of paved 
or stabilized 
shoulder on each 
side of travel 
section.  
Shoulders shall 
be paved with 
dust palliative or 
gravel (2") 

Comply 
with 
stabilization 
standard: 
limit 
shoulder 
visible dust 
emissions 
to 20% 
opacity; 
limit silt 
loading to 
0.33 oz/ft2 

Newly 
constructed 
or modified 
paved roads 

Hydrographic 
Basins 212, 

216, 217 
Sect. 93 Air 
Quality Reg. 
06/22/2000  

Limit spd 
limit to 15 
mph or 
less  

Limit track-
out from 
bulk material 
transport; 
reduce 
particulate 
matter 
emissions 
from paved 
roads 

Work site 
roads, 
crossing 
paved roads 
transporting 
bulk 
materials; 
during 
disking and 
blading ops 

Maricopa 
County      

Rule 310 
04/07/2004 

                 
Require 
average 
shoulder 
width to be 4 
ft. Curbing 
adjacent to 
and 
contiguous 
with a paved 
lane or 
shoulder can 
be used in 
lieu of 
shoulder 
width 
requirements.  
Intersections, 
auxiliary 
entry and exit 
lanes may be 
constructed 
adjacent to 
and 
contiguous 
with a paved 
roadway in 
lieu of 
shoulder 
requirements 

Limit visible 
dust 
emissions to 
20% opacity 

Roads 
with 
average 
daily 
vehicle 
trips 
(ADVT) 
500-3000 

SJVAPCD 
Rule 8061 
11/15/2001 

Medians shall be 
constructed as 
follows:  with 
curbing, solid 
paving, apply 
dust palliatives, 
or with material 
that prevent 
track-out such as 
landscaping or 
decorative rock 

Comply 
with 
stabilization 
standard: 
limit 
shoulder 
visible dust 
emissions 
to 20% 
opacity; 
limit silt 
loading to 
0.33 oz/ft2 

Newly 
constructed 
or modified 
paved roads 

Hydrographic 
Basins 212, 

216, 217 
Sect. 93 Air 
Quality Reg. 
06/22/2000  
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Table 5-6.  Example Regulatory Formats for Paved Roads (Continued) 
CAPCOA Clark County, NV Maricopa County, AZ 

Control 
Measure Goal Threshold Agency Control Measure Goal Threshold Agency 

Control 
Measure Goal Threshold Agency 

Require 
average 
shoulder 
width to be 8 
ft.  Curbing 
adjacent to 
and 
contiguous 
with a paved 
lane or 
shoulder can 
be used in 
lieu of 
shoulder 
width 
requirements.  
Intersections, 
auxiliary 
entry and exit 
lanes may be 
constructed 
adjacent to 
and 
contiguous 
with a paved 
roadway in 
lieu of 
shoulder 
requirements 

Limit visible 
dust 
emissions to 
20% opacity 

Roads 
with 
average 
daily 
vehicle 
trips 
(ADVT) 
greater 
than 3000 

SJVAPCD 
Rule 8061 
11/15/2001 

            

                 
Medians 
constructed 
with minimum 
4 ft shoulder 
widths 
adjacent to 
traffic lanes, 
and 
landscaped 

Meet 
stabilized 
surface 
requirements 
and limit 
visible dust 
emissions to 
20% opacity 

Roads 
with 
average 
daily 
vehicle 
trips 
(ADVT) of 
500 or 
more and 
medians 
part of 
roadway 

SJVAPCD 
Rule 8061 
11/15/2001 

            

                 
Medians 
constructed 
with curbing 

 Where
speed 
limits are 
below 45 
mph 

 SJVAPCD 
Rule 8061 
11/15/2001 
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Table 5-6.  Example Regulatory Formats for Paved Roads (Continued) 
CAPCOA Clark County, NV Maricopa County, AZ 

Control 
Measure Goal Threshold Agency Control Measure Goal Threshold Agency 

Control 
Measure Goal Threshold Agency 

Curbing and 
shoulder 
width 
requirements 
in event of 
contingency 
notification 

Maintain 
stabilized 
surface; limit 
paved road 
dust 

Roads 
with 
average 
daily 
vehicle 
trips 
(ADVT) of 
500 or 
more 

SCAQMD 
Rule 1186 
9/10/1999 

    

       

                
Require 
average 
shoulder 
width to be 4 
ft.  

Limit visible 
dust 
emissions to 
20% opacity 

Roads 
with 
average 
daily 
vehicle 
trips 
(ADVT) 
500-3000 

SCAQMD 
Rule 1186 
9/10/1999 

           

                
Require 
average 
shoulder 
width to be 8 
ft.  

Limit visible 
dust 
emissions to 
20% opacity 

Roads 
with 
average 
daily 
vehicle 
trips 
(ADVT) 
greater 
than 3000 

SCAQMD 
Rule 1186 
9/10/1999 

           

                
Must pave 
median area 
with typical 
roadway 
materials 

Maintain 
stabilized 
surface 

Roads 
with 
average 
daily 
vehicle 
trips 
(ADVT) of 
500 or 
more and 
speed 
limits 
greater 
than 45 

SCAQMD 
Rule 1186 
9/10/1999 
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Table 5-6.  Example Regulatory Formats for Paved Roads (Continued) 
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CAPCOA Clark County, NV Maricopa County, AZ 
Control 

Measure Goal Threshold Agency Control Measure Goal Threshold Agency 
Control 

Measure Goal Threshold Agency 
Requires 
medians be 
landscaped 
with ground 
cover and 
there is 
curbing, or 
medians 
treated with 
chemical 
stabilizers 

Maintain 
stabilized 
surface 

Roads 
with 
average 
daily 
vehicle 
trips 
(ADVT) of 
500 or 
more and 
speed 
limits less 
than 45 

SCAQMD 
Rule 1186 
9/10/1999 

           

 



 
5.6  Compliance Tools 
 

Compliance tools assure that the regulatory requirements, including application of 
dust controls, are being followed.  Three major categories of compliance tools are 
discussed below. 
 

Record keeping:  A compliance plan is typically specified in local air quality rules 
and mandates record keeping of source operation and compliance activities by the source 
owner/operator.  The plan includes a description of how a source proposes to comply 
with all applicable requirements, log sheets for daily dust control, and schedules for 
compliance activities and submittal of progress reports to the air quality agency.  The 
purpose of a compliance plan is to provide a consistent reasonable process for 
documenting air quality violations, notifying alleged violators, and initiating enforcement 
action to ensure that violations are addressed in a timely and appropriate manner. 

 
Site inspection:  This activity includes (1) review of compliance records, 

(2) proximate inspections (sampling and analysis of source material), and (3) general 
observations.  An inspector can use photography to document compliance with an air 
quality regulation. 

 
On-site monitoring:  EPA has stated that “An enforceable regulation must also 

contain test procedures in order to determine whether sources are in compliance.”  
Monitoring can include observation of visible plume opacity, surface testing for crust 
strength and moisture content, and other means for assuring that specified controls are in 
place. 
 

Table 5-7 summarizes the compliance tools that are applicable to paved roads. 
 

Table 5-7.  Compliance Tools for Paved Roads 
Record keeping Site inspection/monitoring 

Road map; traffic volumes, speeds, and 
patterns; vacuum sweeping, mud/dirt 
trackout precautions, spill cleanup, erosion 
control, tarping of haul trucks; curbing of 
roads; application of sand/salt for anti-skid 
operations; dust suppression equipment and 
maintenance records. 

Sampling of silt loading on paved road 
surfaces; counting of traffic volumes; 
observations of vacuum sweeping, high 
dust emission areas (including track-on 
and wash-on points), road 
curbing/shoulders; observation of dust 
plume opacity (visible emissions) 
exceeding a standard; real-time portable 
monitoring of PM. 

 
5.7  Sample Cost-Effectiveness Calculation 
 

This section is intended to demonstrate how to select a cost-effective control 
measure for fugitive dust originating from paved roads.  A sample cost-effectiveness 
calculation is presented below for a specific control measure (PM10 efficient street 
sweeper) to illustrate the procedure.  The sample calculation includes the entire series of 
steps for estimating uncontrolled emissions (with correction parameters and source 
extent), controlled emissions, emission reductions, control costs, and control cost-
effectiveness values for PM10 and PM2.5.  In selecting the most advantageous control 
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measure for construction and demolition, the same procedure is used to evaluate each 
candidate control measure (utilizing the control measure specific control efficiency and 
cost data), and the control measure with the most favorable cost-effectiveness and 
feasibility characteristics is identified. 
 

Sample Calculation for Paved Roads 
(Arterial Road Through Industrial Area) 

 
Step 1.  Determine source activity and control application parameters. 
 

Vehicles/day 5,000 
Average vehicle speed (mph) 40 
Length of road (miles) 10 
Control Measure Use of PM10 efficient 

street sweepers 
Control application/frequency Once per month 
Economic Life of Control System (yr) 10 
Control Efficiency 9.2% 

 
The number of vehicles per day, the average vehicle speed, road length, and 
economic life are assumed values for illustrative purposes.  Street sweeping, 
using PM10 efficient sweepers has been chosen as the applied control measure.  
The control application/frequency and control efficiency are default values 
provided by MRI, 1992.36 

 

Step 2.  Calculate Emission Factor.  The PM2.5 and PM10 emission factors are 
calculated from the AP-42 equation utilizing the appropriate correction 
parameters. 
 

E = (k(sL/2)0.65 (W/3)1.5 - C)*(1-(P/1460)) 
 

k—PM2.5 (lb/VMT) 0.004 
k—PM10 (lb/VMT) 0.016 
sL—silt loading (g/m2) 2 
W—average vehicle weight (tons) 5 
C—PM2.5 (lb/VMT) 0.00036 
C—PM10 (lb/VMT) 0.00047 
P—wet days/yr (1/yr) 50 

 
• EPM10 = 0.033 lb/VMT 
• EPM2.5 = 0.0080 lb/VMT 

 
Step 3.  Calculate Uncontrolled PM Emissions.  The emission factors (calculated 
in Step 2) are multiplied by the number of vehicles per day and the road length 
(both under activity data) and then multiplied by 365/2,000 to compute the annual 
emissions, as follows: 
 
Annual emissions = (Emission Factor x Vehicles/day x Road length x 365/2,000 

 
• Annual PM10 Emissions = (0.03 x 5,000 x 10) x 365 /2,000 = 299 tons 
• Annual PM2.5 Emissions = (0.03 x 5,000 x 10) x 365 /2,000 = 72.7 tons 
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Step 4.  Calculate Controlled PM Emissions.  The uncontrolled emissions 
estimate (calculated in Step 3) is multiplied by the percentage that uncontrolled 
emissions are reduced, as follows: 

Controlled emissions = Uncontrolled emissions x (1 – Control Efficiency), 
where CE = 9.2% (as seen under activity data) 

 
For this example, we have selected PM10 efficient street sweeping as our control 
measure.  Based on a control efficiency estimate of 9.2%, the annual PM10 
emissions are calculated to be: 
 

Annual Controlled PM10 emissions = (299 tons) x (1 – 0.092) = 272 tons 
Annual Controlled PM2.5 emissions = (72.7 tons) x (1 – 0.092) = 66.0 tons 

 
Step 5.  Determine Annual Cost to Control PM Emissions. 
 

Capital costs ($) 15,200 
Operating/Maintenance costs ($) 16,000 
Overhead costs ($) 8,000 
Enforcement/Compliance costs ($) 500 
Annual Interest Rate  3% 
Capital Recovery Factor 0.12 
Total Cost ($) 39,700 
Annualized Cost ($/yr) 26,282 

 
The Capital costs, the Operating/Maintenance costs, and the 
Enforcement/Compliance costs are default values determined from current 
sources (e.g. Sierra Research, 200337).   
 
The Overhead costs are typically one-half of the Operating/Maintenance costs. 
Overhead costs = $16,000/2 = $8,000. 
 
The Annual Interest Rate (AIR) is based on the most up to date information and 
sources. 
 
The Capital Recovery Factor (CRF) is figured by multiplying the Annual Interest 
Rate by 1 plus the AIR, raised to the exponent of the Economic life of the control 
system.  Then divide by 1 plus the AIR to the Economic life minus 1, as follows: 
 

Capital Recovery Factor = AIR x (1+AIR) Economic life / (1+AIR) Economic life – 1 
 

Capital Recovery Factory = 3% x (1+ 3%)10 / (1+ 3%)10 – 1 = 0.12 
 

The Total Cost is the sum of the Capital costs, Operating/Maintenance costs, 
Overhead costs, and the Enforcement/Compliance costs: 

 
Total Cost = Capital costs + Operating/Maintenance costs + Overhead + 
Enforcement/Compliance costs 

 
Total Cost = 15,200 + 16,000 + 8,000 + 500 = $39,700 

 
 

 



 
The Annualized Cost is calculated by adding the product of the Capital Recovery 
Factor and the Capital costs to the Operating/Maintenance costs, the Overhead 
costs and the Enforcement/Compliance costs: 
 

Annualized Cost = (CRF x Capital costs) + Operating/Maintenance + 
Overhead costs + Enforcement/Compliance costs 

Annualized Cost = (0.12 x 15,200) + 16,000 + 8,000 + 500 = $26,300 
 
Step 6.  Calculate Cost Effectiveness.  Cost effectiveness is calculated by 
dividing the annualized cost by the emissions reduction.  The emissions 
reduction is determined by subtracting the controlled emissions from the 
uncontrolled emissions:   
 

Cost effectiveness = Annualized Cost/ (Uncontrolled emissions – Controlled 
emissions) 

 
Cost effectiveness for PM10 emissions = $26,300/ (299 – 272) = $960/ton 

Cost effectiveness for PM2.5 emissions = $26,300/ (72.7 – 66.0) = $3,930/ton 
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6.1  Characterization of Source Emissions 
 

When a vehicle travels an unpaved road, the force of the wheels on the road surface 
causes pulverization of surface material.  Particles are lifted and dropped from the rolling 
wheels, and the road surface is exposed to strong air currents in turbulent shear with the 
surface.  The turbulent wake behind the vehicle continues to act on the road surface after 
the vehicle has passed.  The quantity of dust emissions from a given segment of unpaved 
road varies linearly with the volume of traffic.  Field investigations also have shown that 
emissions depend on source parameters that characterize the condition of a particular 
road and the associated vehicle traffic.  Characterization of these source parameters allow 
for “correction” of emission estimates to specific road and traffic conditions present on 
public and industrial roadways. 
 
6.2  Emission Estimation: Primary Methodology1-26 

 
This section was adapted from Section 13.2.2 of EPA’s Compilation of Air 
Pollutant Emission Factors (AP-42).  Section 13.2.2 was last updated in 
December 2003. 

 
Dust emissions from unpaved roads have been found to vary directly with the 

fraction of silt (particles smaller than 75 micrometers [µm] in physical diameter) in the 
road surface materials.1  The silt fraction is determined by measuring the proportion of 
loose dry surface dust that passes a 200-mesh screen using the ASTM-C-136 method.  A 
summary of this method is contained in Appendix C of AP-42.  Table 6-1 summarizes 
measured silt values for industrial unpaved roads.  Table 6-2 summarizes measured silt 
values for public unpaved roads.  It should be noted that the ranges of silt content for 
public unpaved roads vary over two orders of magnitude.  Therefore, the use of data from 
this table can potentially introduce considerable error.  Use of this data is strongly 
discouraged when it is feasible to obtain locally gathered data. 
 

Since the silt content of a rural dirt road will vary with geographic location, it should 
be measured for use in projecting emissions.  As a conservative approximation, the silt 
content of the parent soil in the area can be used.  Tests, however, show that road silt 
content is normally lower than in the surrounding parent soil, because the fines are 
continually removed by the vehicle traffic, leaving a higher percentage of coarse 
particles.  Other variables are important in addition to the silt content of the road surface 
material.  For example, at industrial sites, where haul trucks and other heavy equipment 
are common, emissions are highly correlated with vehicle weight.  On the other hand, 
there is far less variability in the weights of cars and pickup trucks that commonly travel 
publicly accessible unpaved roads throughout the United States.  For those roads, the 
moisture content of the road surface material may be more dominant in determining 
differences in emission levels between a hot desert environment and a cool moist 
location. 
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Table 6-1.  Typical Silt Content Values of Surface Material on  
Industrial Unpaved Roadsa 

 
Silt content (%) 

Industry 

Road use or 
surface 
material 

Plant
sites 

No. of 
samples Range Mean 

Copper smelting Plant road 1 3 16-19 17 

Iron and steel production Plant road 19 135 0.2-19 6.0 

Plant road 1 3 4.1-6.0 4.8 Sand and gravel processing 
Material storage 
area 

1 1 – 7.1 

Plant road 2 10 2.4-16 10 Stone quarry and processing 
Haul road to/from pit 4 20 5.0-15 8.3 

Service road 1 8 2.4-7.1 4.3 Taconite mining and processing 
Haul road to/from pit 1 12 3.9-9.7 5.8 

Haul road to/from pit 3 21 2.8-18 8.4 
Plant road 2 2 4.9-5.3 5.1 
Scraper route 3 10 7.2-25 17 

Western surface coal mining 

Haul road 
  (freshly graded) 

2 5 18-29 24 

Construction sites Scraper routes 7 20 0.56-23 8.5 

Lumber sawmills Log yards 2 2 4.8-12 8.4 

Municipal solid waste landfills Disposal routes 4 20 2.2-21 6.4 
a  References 1, 5-15. 
 
 

Table 6-2.  Typical Silt Content Values of Surface Material on  
Public Unpaved Roadsa 

 
Silt content (%) 

Industry 

Road use or 
surface 
material 

Plant 
sites 

No. of 
samples Range Mean 

Gravel/crushed 
limestone 

9 46 0.1-15 6.4 Publicly 
accessible 
roads Dirt (i.e., local 

material 
compacted, 
bladed, and 
crowned) 

8 24 0.83-68 11 

a  References 1, 5-16. 
 
6.2.1  Emission Factors 
 

The PM10 emission factors presented below are the outcomes from stepwise linear 
regressions of field emission test results of vehicles traveling over unpaved surfaces.  Due 
to a limited amount of information available for PM2.5, the expression for that particle 
size range has been scaled against the PM10 results.  Consequently, the quality rating for 
the PM2.5 factor is lower than that for the PM10 expression.  The following empirical 
expressions may be used to estimate the quantity of size-specific particulate emissions 
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from an unpaved road in pounds (lb) per vehicle mile traveled (VMT).  For vehicles 
traveling on unpaved surfaces at industrial sites, emissions are estimated from the 
following equation: 

 
 E = k (s/12)a(W/3)b ( 1a ) 

 
and, for vehicles traveling on publicly accessible roads, dominated by light duty vehicles, 
emissions may be estimated from the following equation: 
 
 
  ( 1b ) 
 
 
where k, a, b, c and d are empirical constants6 given below in Table 6-3, and 
 

E = size-specific emission factor (lb/VMT) 
s = surface material silt content (%) 
W = mean vehicle weight (tons) 
M = surface material moisture content (%) 
S = mean vehicle speed (mph) 
C = emission factor for 1980’s vehicle fleet exhaust, brake wear and tire wear. 

 
The source characteristics s, W and M are referred to as correction parameters for 

adjusting the emission estimates to local conditions.  The metric conversion from 
lb/VMT to grams (g) per vehicle kilometer traveled (VKT) is as follows: 
 

1 lb/VMT = 281.9 g/VKT 
 

The constants for Equations 1a and 1b based on the stated aerodynamic particle sizes are 
shown in Table 6-3.  Table 6-3 also contains the quality ratings for the various size-
specific versions of Equations 1a and 1b.  The equations retain the assigned quality 
rating, if applied within the ranges of source conditions, shown in Table 6-4, that were 
tested in developing the equations. 

 
Table 6-3.  Constants for Equations 1a and 1b 

Industrial roads (Equation 1a) Public roads (Equation 1b) 
Constant PM2.5 PM10 PM30* PM2.5 PM10 PM30* 

k (lb/VMT) 0.23 1.5 4.9 0.27 1.8 6.0 

a 0.9 0.9 0.7 1 1 1 

b 0.45 0.45 0.45 – – – 

c – – – 0.2 0.2 0.3 

d – – – 0.5 0.5 0.3 

Quality rating C B B C B B 
*  Assumed equivalent to total suspended particulate matter (TSP). 
“–“ = Not used in the emission factor equation. 
 

C−= c

da

(M/0.5)
S/30)((s/12)kE



 6-4

 
Table 6-4.  Range of Source Conditions Used in Developing Equations 1a and 1b 

Mean vehicle  
weight 

Mean vehicle 
speed 

Emission factor 
Surface silt 
content, % Mg ton km/hr mph 

Mean  
No. of wheels 

Surface
moisture
content,

% 
Industrial roads 
(Equation 1a) 

1.8-25.2 1.8-260 2-290 8-69 5-43 4-17a 0.03-13 

Public roads 
(Equation 1b) 

1.8-35 1.4-2.7 1.5-3 16-88 10-55 4-4.8 0.03-13 

a  See discussion in text. 
 

As noted earlier, the models presented as Equations 1a and 1b were developed from 
tests of traffic on unpaved surfaces, mostly performed in the 1980s.  Unpaved roads have 
a hard, generally nonporous surface that usually dries quickly after a rainfall or watering, 
because of traffic-enhanced natural evaporation.  Factors influencing how fast a road 
dries are discussed in Section 6.5 below.  The quality ratings given above pertain to the 
mid-range of the measured source conditions for the equations.  A higher mean vehicle 
weight and a higher than normal traffic rate may be justified when performing a worst-
case analysis of emissions from unpaved roads. 

 
The emission factor for the exhaust, brake wear, and tire wear of a 1980’s vehicle 

fleet (C) was obtained from EPA’s MOBILE6.2 model.23  The emission factor also varies 
with aerodynamic size range as shown in Table 6-5. 
 

A PM10 emission factor for the resuspension of fugitive dust from unpaved shoulders 
created by the wake of high-profile vehicles such as tractor-trailers traveling on paved 
roads at high speed has been developed by Desert Research Institute (DRI).  A discussion 
of the emissions estimation methodology for fugitive dust originating from unpaved 
shoulders is presented in Appendix B. 

 
Table 6-5.  Emission Factor for 1980’s Vehicle Fleet Exhaust,  

Brake Wear, and Tire Wear 

Particle size range 

C, Emission factor for 
exhaust, brake wear, 

and tire wear 

lb/VMT 

PM25 0.00036 

PM10 0.00047 

PM30 0.00047 

 
 
6.2.2  Source Extent 
 

It is important to note that the vehicle-related source conditions refer to the average 
weight, speed, and number of wheels for all vehicles traveling the road.  For example, if 



 6-5

98% of the traffic on the road are 2-ton cars and trucks while the remaining 2% consists 
of 20-ton trucks, then the mean weight is 2.4 tons.  More specifically, Equations 1a and 
1b are not intended to be used to calculate a separate emission factor for each vehicle 
class within a mix of traffic on a given unpaved road.  That is, in the example, one should 
not determine one factor for the 2-ton vehicles and a second factor for the 20-ton trucks.  
Instead, only one emission factor should be calculated that represents the “fleet” average 
of 2.4 tons for all vehicles traveling the road.  Moreover, to retain the quality ratings 
when addressing a group of unpaved roads, it is necessary that reliable correction 
parameter values be determined for the road in question.  The field and laboratory 
procedures for determining road surface silt and moisture contents are given in 
Appendices C.1 and C.2 of AP-42.  Vehicle-related parameters should be developed by 
recording visual observations of traffic.  In some cases, vehicle parameters for industrial 
unpaved roads can be determined by reviewing maintenance records or other information 
sources at the facility. 

 
In the event that site-specific values for correction parameters cannot be obtained, 

then default values may be used.  In the absence of site-specific silt content information, 
an appropriate mean value from Tables 6-1 and 6-2 may be used as a default value, but 
the quality rating of the equation is reduced by two letters.  Because of significant 
differences found between different types of road surfaces and between different areas of 
the country, use of the default moisture content value of 0.5 percent in Equation 1b is 
discouraged.  The quality rating should be downgraded two letters when the default 
moisture content value is used.  It is assumed that readers addressing industrial roads 
have access to the information needed to develop average vehicle information for their 
facility. 
 
6.2.3  Natural Mitigation 
 

The effect of routine watering to control emissions from unpaved roads is discussed 
below in Section 6.5.  However, all roads are subject to some natural mitigation because 
of rainfall and other precipitation.  The Equation 1a and 1b emission factors can be 
extrapolated to annual average uncontrolled conditions (but including natural mitigation) 
under the simplifying assumption that annual average emissions are inversely 
proportional to the number of days with measurable (more than 0.254 mm [0.01 inch]) 
precipitation: 
 
 Eext = E[(365 - P)/365] ( 2 ) 
 
where, 

Eext = annual size-specific emission factor extrapolated for natural mitigation 
(lb/VMT) 

E = emission factor from Equation 1a or 1b 
P = number of days in a year with at least 0.254 mm (0.01 in) of precipitation 

 
Maps showing the geographical distribution of “wet” days on an annual basis for the 

United States based on meteorological records on a monthly basis are available in the 
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Climatic Atlas of the United States.16  Alternative sources include other Department of 
Commerce publications such as local climatological data summaries.  The National 
Climatic Data Center (NCDC) offers several products that provide hourly precipitation 
data.  In particular, NCDC offers a Solar and Meteorological Surface Observation 
Network 1961-1990 (SAMSON) CD-ROM, which contains 30 years worth of hourly 
meteorological data for first-order National Weather Service locations.  Whatever 
meteorological data are used, the source of that data and the averaging period should be 
clearly specified. 
 

Equation 2 provides an estimate that accounts for precipitation on an annual average 
basis for the purpose of inventorying emissions.  It should be noted that Equation 2 does 
not account for differences in the temporal distributions of the rain events, the quantity of 
rain during any event, or the potential for the rain to evaporate from the road surface.  In 
the event that a finer temporal and spatial resolution is desired for inventories of public 
unpaved roads, estimates can be based on a more complex set of assumptions.  These 
assumptions include: 
 

1. The moisture content of the road surface material is increased in proportion to 
the quantity of water added; 

2. The moisture content of the road surface material is reduced in proportion to the 
Class A pan evaporation rate; 

3. The moisture content of the road surface material is reduced in proportion to the 
traffic volume; and 

4. The moisture content of the road surface material varies between the extremes 
observed in the area.   

 
The CHIEF Web site (www.epa.gov/ttn/chief/ap42/ch13/related/c13s02-2) has a file 

which contains a spreadsheet program for calculating emission factors which are 
temporally and spatially resolved.  Information required for use of the spreadsheet 
program includes monthly Class A pan evaporation values, hourly meteorological data 
for precipitation, humidity and snow cover, vehicle traffic information, and road surface 
material information. 

 
It is emphasized that the simple assumption underlying Equation 2 and the more 

complex set of assumptions underlying the use of the procedure which produces a finer 
temporal and spatial resolution have not been verified in any rigorous manner.  For this 
reason, the quality ratings for either approach should be downgraded one letter from the 
rating that would be applied to Equation 1. 
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6.3  Emission Estimation: Alternate Methodology for Non-Farm Roads 

 
This section was adapted from Section 7.10 of CARB’s Emission Inventory 
Methodology.  Section 7.10 was last updated in August 1997. 

 
This source category provides estimates of the entrained geologic particulate matter 
emissions that result from vehicular travel over non-agricultural unpaved roads.  The 
emissions are estimated separately for three major unpaved road categories:  city and 
county roads, U.S. forests and park roads, and Bureau of Land Management (BLM) and 
Bureau of Indian Affairs (BIA) roads.  The emissions result from the mechanical 
disturbance of the roadway and the vehicle generated air turbulence effects.  Agricultural 
unpaved road estimates are computed in a separate methodology; see Section 6.4.   

 
6.3.1  Emission Factor 

 
The PM10 emission factor used for estimates of geologic dust emissions from 

vehicular travel on unpaved roads is based on work performed by UC Davis27 and the 
Desert Research Institute.28  The emission factor used for all unpaved roads statewide is 
2.27 lbs PM10/VMT.29  The PM2.5/PM10 ratio for unpaved road dust published by 
CARB is 0.212.30  Because the emission measurements were performed in California, 
this emission factor was used to replace the previous generic emission factor provided in 
EPA’s AP-42 document.31  The new emission factor is slightly smaller than the factors 
derived with the AP-42 methodology. 

 
6.3.2  Source Extent (Activity Level) 
 

For the purpose of estimating emissions, it is assumed that the unpaved road dust 
emissions are primarily related to the vehicle miles traveled (VMT) on the roads.  State 
highway data are used to estimate unpaved road miles for each roadway category in each 
county.  It is assumed that 10 daily VMT (DVMT) are traveled on unpaved city and 
county roads as well as U.S. forest and parks roads and BLM and BIA roads.   Road 
mileage, if needed, can be simply computed by dividing the annual VMT values by 3650 
(which is 10 DVMT x 365 days). 
 

Daily activity on unpaved roads occurs primarily during daylight hours.  Activity is 
assumed to be the same each day of the week.  Monthly activity varies by county and is 
based on estimates of monthly rainfall in each county.  This is to reflect that during wet 
months there is less unpaved road traffic, and there are also lower emissions per mile of 
road when the road soils have a higher moisture content.  Unpaved road growth is tied to 
on-road VMT growth for many counties.  For other counties, growth is set to zero and 
VMT is not used. 

 
6.3.3  Assumptions and Limitations  
 

This alternative methodology is subject to the following assumptions and limitations: 
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1. This methodology assumes that all unpaved roads emit the same levels of PM10 

per VMT during all times of the year for all vehicles and conditions. 

2. It is assumed that all unpaved roads receive 10 VMT per day. 

3. This methodology assumes that no controls are used on the roads. 

4. It is assumed that the emission factors derived in a test county are applicable to 
the rest of the State. 

 
6.4  Emission Estimation:  Alternative Methodology for Farm Roads 

 
This section was adapted from Section 7.11 of CARB’s Emission Inventory 
Methodology.  Section 7.11 was last updated in August 1997. 

 
This source category provides estimates of the entrained geologic particulate matter 

emissions that result from vehicular travel over unpaved roads on agricultural lands.  The 
emissions result from the mechanical disturbance of the roadway and the vehicle 
generated air turbulence effects.  This emission factor used is oriented towards dust 
emissions from light duty vehicle use, but the activity data implicitly include some larger 
vehicle use for harvest and other operations. 

 
6.4.1  Emission Factor 
 

The PM10 emission factor used for estimates of geologic dust emissions from 
vehicular travel on unpaved roads is based on work performed by UC Davis27 and the 
Desert Research Institute.28  The emission factor used for all unpaved roads statewide is 
2.27 lbs PM10/VMT.29  The PM2.5/PM10 ratio for unpaved road dust published by 
CARB is 0.212.30  Because the emission measurements were performed in California, 
this emission factor was used to replace the previous generic emission factor provided in 
U.S. EPA’s AP-42 document.31  The new emission factor is slightly smaller than the 
factors derived with the AP-42 methodology. 
 
6.4.2  Source Extent (Activity Level) 
 

For the purpose of estimating emissions, it is assumed that the unpaved road dust 
emissions are primarily related to the vehicle miles traveled (VMT) on the roads.  In 1976 
an informal survey was made of several county agricultural commissioners in the San 
Joaquin Valley, who estimated that each 40 acres of cultivated land receives 
approximately 175 vehicle passes per year on the unpaved farm roads.32  This value is 
used in the emission estimates.  The crop acreage data used to estimate the road dust 
emissions are from the state agency summary of crop acreage harvested.33,34  The acreage 
estimates do not include pasture lands because it is thought that the quantity of vehicular 
travel on these lands is minimal. 

 
Daily activity on unpaved roads occurs primarily during daylight hours.  Activity is 

assumed to be the same each day of the week.  Monthly activity varies by county and is 
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based on estimates of monthly rainfall in each county.  This is to reflect that during wet 
months there is less unpaved road traffic, and there are also lower emissions per mile of 
road when the road soils have a higher moisture content.  Unpaved road growth for farm 
roads is based on agricultural crop acreage or agricultural production.  This value is set to 
zero for many counties. 

 
6.4.3  Assumptions and Limitations  
 

This alternative methodology is subject to the following assumptions and limitations: 
 

1. This methodology assumes that all unpaved farm roads emit the same levels of 
PM10 per VMT during all times of the year for all vehicles and conditions. 

2. It is assumed that all unpaved farm roads receive 175 VMT per 40 acres per year 
for all crops and cultivation practices. 

3. This methodology assumes that no controls are used on the roads. 

4. It is assumed that the emission factors derived in the test area are applicable to 
the rest of the State. 

5. This methodology assumes that unpaved road travel associated with pasture 
lands is negligible. 

 
6.5  Demonstrated Control Techniques 
 

A wide variety of options exist to control emissions from unpaved roads.  Options 
fall into the following three groupings: 

 
1. Vehicle restrictions that limit the speed, weight or number of vehicles on the 

road 

2. Surface improvement by measures such as (a) paving or (b) adding gravel or 
slag to a dirt road 

3. Surface treatment such as watering or treatment with chemical dust suppressants 
 

Available control options span broad ranges in terms of cost, efficiency, and 
applicability.  For example, traffic controls provide moderate emission reductions (often 
at little cost) but are difficult to enforce.  Although paving is highly effective, its high 
initial cost is often prohibitive.  Furthermore, paving is not feasible for industrial roads 
subject to very heavy vehicles and/or spillage of material in transport.  Watering and 
chemical suppressants, on the other hand, are potentially applicable to most industrial 
roads at moderate to low costs.  However, these require frequent reapplication to 
maintain an acceptable level of control.  Chemical suppressants are generally more cost-
effective than water but not in cases of temporary roads (which are common at mines, 
landfills, and construction sites).  In summary, then, one needs to consider not only the 
type and volume of traffic on the road but also how long the road will be in service when 
developing control plans. 
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Vehicle restrictions.  These measures seek to limit the amount and type of traffic 
present on the road, or to lower the mean vehicle speed.  For example, many industrial 
plants have restricted employees from driving on plant property and have instead 
instituted bussing programs.  This eliminates emissions due to employees traveling 
to/from their worksites.  Although the heavier average vehicle weight of the busses 
increases the base emission factor, the decrease in vehicle-miles-traveled results in a 
lower overall emission rate. 

 
Surface improvements.  Control options in this category alter the road surface.  As 

opposed to “surface treatments” discussed below, improvements are relatively 
“permanent” and do not require periodic retreatment.  The most obvious surface 
improvement is paving an unpaved road.  This option is quite expensive and is probably 
most applicable to relatively short stretches of unpaved road with at least several hundred 
vehicle passes per day.  Furthermore, if the newly paved road is located near unpaved 
areas or is used to transport material, it is essential that the control plan address routine 
cleaning of the newly paved road surface.  The control efficiencies achievable by paving 
can be estimated by comparing emission factors for unpaved and paved road conditions.  
The predictive emission factor equation for paved roads, given in Chapter 5, requires 
estimation of the silt loading on the traveled portion of the paved surface, which in turn 
depends on whether the pavement is periodically cleaned.  Unless curbing is to be 
installed, the effects of vehicle excursion onto unpaved shoulders (berms) also must be 
taken into account in estimating the control efficiency of paving. 

 
Other surface improvement methods involve covering the road surface with another 

material that has a lower silt content.  Examples include placing gravel or slag on a dirt 
road.  The control efficiency can be estimated by comparing the emission factors 
obtained using the silt contents before and after improvement.  The silt content of the 
road surface should be determined after 3 to 6 months rather than immediately following 
placement.  Control plans should address regular maintenance practices, such as grading, 
to retain larger aggregate on the traveled portion of the road. 

 
Surface treatments.  These measures refer to control options which require periodic 

reapplication.  Treatments fall into the two main categories of: 
•  wet suppression (i.e., watering, possibly with surfactants or other additives), 

which keeps the road surface wet to control emissions, and 
•  chemical stabilization which attempts to change the physical characteristics of the 

surface.   
 

The necessary reapplication frequency varies from minutes or hours for plain water under 
summertime conditions to several weeks or months for chemical dust suppressants. 
 

Wet Suppression.  Watering increases the moisture content, which in turn causes 
particles to conglomerate and reduces their likelihood of becoming suspended when 
vehicles pass over the surface.  The control efficiency depends on how fast the road dries 
after water is added.  This in turn depends on:  (a) the amount (per unit road surface area) 
of water added during each application; (b) the period of time between applications; (c) 
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the weight, speed and number of vehicles traveling over the watered road during the 
period between applications; and (d) meteorological conditions (temperature, wind speed, 
cloud cover, etc.) that affect evaporation during the period.  Figure 6-1 presents a simple 
bilinear relationship between the instantaneous control efficiency due to watering and the 
resulting increase in surface moisture.  The moisture ratio “M” (i.e., the x-axis in 
Figure 6-1) is found by dividing the surface moisture content of the watered road by the 
surface moisture content of the uncontrolled road.  As the watered road surface dries, 
both the ratio M and the predicted instantaneous control efficiency (i.e., the y-axis in the 
figure) decrease.  The figure shows that between the uncontrolled moisture content (M = 
1) and a value twice as large (M = 2), a small increase in moisture content results in a 
large increase in control efficiency.  Beyond that, control efficiency grows slowly with 
increased moisture content. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6-1.  Watering Control Effectiveness for Unpaved Travel Surfaces 
 

Given the complicated nature of how the road dries, characterization of emissions 
from watered roadways is best done by collecting road surface material samples at 
various times between water truck passes.  AP-42 Appendices C.1 and C.2 present the 
recommended sampling and analysis procedures, respectively, for determining the 
surface/bulk dust loading.  The moisture content measured can then be associated with a 
control efficiency by use of Figure 6-1.  Samples that reflect average conditions during 
the watering cycle can take the form of either a series of samples between water 
applications or a single sample at the midpoint.  It is essential that samples be collected 
during periods with active traffic on the road.  Finally, because of different evaporation 
rates, it is recommended that samples be collected at various times during the year.  If 
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only one set of samples is to be collected, these must be collected during hot, 
summertime conditions. 
 

When developing watering control plans for roads that do not yet exist, it is strongly 
recommended that the moisture cycle be established by sampling similar roads in the 
same geographic area.  If the moisture cycle cannot be established by similar roads using 
established watering control plans, the more complex methodology used to estimate the 
mitigation of rainfall and other precipitation can be used to estimate the control provided 
by routine watering.  An estimate of the maximum daytime Class A pan evaporation 
(based upon daily evaporation data published in the monthly Climatological Data for the 
state by the National Climatic Data Center) should be used to insure that adequate 
watering capability is available during periods of highest evaporation.  Hourly 
precipitation values are replaced by the equivalent inches of precipitation resulting fro 
watering.  1 inch of precipitation is equivalent to an application of 5.6 gallons of water 
per square yard of road.  Information on the long term average annual evaporation and on 
the percentage that occurs between May and October is available in the Climatic Atlas.16  

This methodology should be used only for prospective analyses and for designing 
watering programs for existing roadways.  The quality rating of an emission factor for a 
watered road that is based on this methodology should be downgraded two letters.  
Periodic road surface samples should be collected and analyzed to verify the efficiency of 
the watering program. 

 
Chemical Dust Suppressants. As opposed to wet suppression (i.e., watering), 

chemical dust suppressants have much less frequent reapplication requirements.  These 
materials suppress emissions by changing the physical characteristics of the existing road 
surface material.  Many chemical dust suppressants applied to unpaved roads form a 
hardened surface that binds particles together.  After several applications, a treated 
unpaved road often resembles a paved road except that the surface is not uniformly flat.  
Because the improved surface results in more grinding of small particles, the silt content 
of loose material on a highly controlled surface may be substantially higher than when 
the surface was uncontrolled.  For this reason, the models presented as Equations 1a and 
1b cannot be used to estimate emissions from chemically stabilized roads.  Should the 
road be allowed to return to an uncontrolled state with no visible signs of large-scale 
cementing of material, the Equation 1a and 1b emission factors could then be used to 
obtain conservatively high emission estimates. 

 
The control effectiveness of chemical dust suppressants appears to depend on:  (a) 

the dilution rate used in the mixture; (b) the application rate (volume of solution per unit 
road surface area); (c) the time between applications; (d) the size, speed and amount of 
traffic during the period between applications; and (e) meteorological conditions (rainfall, 
freeze/thaw cycles, etc.) during the period.  Other factors that affect the performance of 
chemical dust suppressants include other traffic characteristics (e.g., cornering, track-out 
from unpaved areas) and road characteristics (e.g., bearing strength, grade).  The 
variability in these factors and differences between individual dust control products make 
the control efficiencies of chemical dust suppressants difficult to estimate.  Past field 
testing of emissions from controlled unpaved roads has shown that chemical dust 
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suppressants provide a PM10 control efficiency of about 80% when applied at regular 
intervals of 2 weeks to 1 month. 

 
Petroleum resin products historically have been the dust suppressants (besides water) 

most widely used on industrial unpaved roads.  Figure 6-2 presents a method to estimate 
average control efficiencies associated with petroleum resins applied to unpaved roads.20  
The following items should be noted: 
 

1. The term “ground inventory” represents the total volume (per unit area) of 
petroleum resin concentrate (not solution) applied since the start of the dust 
control season. 

2. Because petroleum resin products must be periodically reapplied to unpaved 
roads, the use of a time-averaged control efficiency value is appropriate.  
Figure 6-2 presents control efficiency values averaged over two common 
application intervals, 2 weeks and 1 month.  Other application intervals will 
require interpolation. 

3. Note that zero efficiency is assigned until the ground inventory reaches 
0.05 gallon per square yard (gal/yd2).  Requiring a minimum ground inventory 
ensures that one must apply a reasonable amount of chemical dust suppressant to 
a road before claiming credit for emission control.  Recall that the ground 
inventory refers to the amount of petroleum resin concentrate rather than the total 
solution. 

 
As an example of the application of Figure 6-2, suppose that Equation 1a was used to 

estimate an emission factor of 7.1 lb/VMT for PM10 from a particular road.  Also, 
suppose that, starting on May 1, the road is treated with 0.221 gal/yd2 of a solution (1 part 
petroleum resin to 5 parts water) on the first of each month through September.  The 
average controlled emission factors calculated from Figure 6-2 are shown in Table 6-6. 

 
Besides petroleum resins, other newer dust suppressants have also been successful in 

controlling emissions from unpaved roads.  Specific test results for those chemicals, as 
well as for petroleum resins and watering, are provided in References 18 through 21. 
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Figure 6-2.  Average PM10 Control Efficiencies Over Common Application Interval 
 
 
 
 
 
 
 
 

Figure 6-2.  Average TSP and PM10 Control Efficiencies for Two Common Application Intervals 
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Table 6-6.  Example of Average Controlled Emission Factors for Specific Conditions 

Period 
Ground inventory, 

gal/yd2 
Average control 
efficiency, %a 

Average controlled 
emission factor, 

lb/VMT 
May 0.037 0 7.1 

June 0.073 62 2.7 

July 0.11 68 2.3 

August 0.15 74 1.8 

September 0.18 80 1.4 
a  From Figure 6-5.  Zero efficiency assigned if ground inventory is less than 0.05 gal/yd2. 
   1 lb/VMT = 281.9 g/VKT.  1 gal/yd2

 = 4.531 L/m2. 
 

Table 6-7 summarizes tested control measures and reported control efficiencies for 
measures that reduce the generation of fugitive dust from unpaved roads. 
 

Table 6-7.  Control Efficiencies for Control Measures for Unpaved Roads35, 36 

Control measure 

PM10 
control 

efficiency References/Comments 
Limit maximum speed on 
unpaved roads to 25 miles 
per hour 

44% Assumes linear relationship between PM10 emissions 
and vehicle speed and an uncontrolled speed of 
45 mph.   

Pave unpaved roads and 
unpaved parking areas 

99% Based on comparison of paved road and unpaved 
road PM10 emission factors. 

Implement watering twice 
a day for industrial 
unpaved road 

55% MRI, April 2001 

Apply dust suppressant 
annually to unpaved 
parking areas 

84% CARB April 2002 

 
6.6  Regulatory Formats 
 

Fugitive dust control options have been embedded in many regulations for state and 
local agencies in the WRAP region.  Regulatory formats specify the threshold source size 
that triggers the need for control application.  Example regulatory formats downloaded 
from the Internet for several local air quality agencies in the WRAP region are presented 
in Table 6-8.  The website addresses for obtaining information on fugitive dust 
regulations for local air quality districts within California, for Clark County, NV, and for 
Maricopa County, AZ, are as follows: 

•  Districts within California:  www.arb.ca.gov/drdb/drdb.htm 
•  Clark County, NV:  www.co.clark.nv.us/air_quality/regs.htm 
•  Maricopa County, AZ:  www.maricopa.gov/envsvc/air/ruledesc.asp 
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Table 6-8.  Example Regulatory Formats for Unpaved Roads 
CAPCOA Clark County, NV Maricopa County, AZ 

Control Measure Goal Threshold Agency Control Measure Goal Threshold Agency 
Control 
Measure Goal Threshold Agency 

Requires annual treatment 
of unpaved public roads 
beginning in 1998 and 
continuing for each of 8 
years thereafter by 
implementing one of the 
following:  paving at least 
one mile with typical 
roadway material, applying 
chemical stabilizers to at 
least two miles to maintain 
stabilized surface, 
implementing at least one 
of the following on at least 
three miles of road 
surface:  installing signage 
at 1/4 mile intervals 
limiting speed to 15 mph, 
installing speed control 
devices every 500 ft, or 
maintaining roadway to 
limit speed to 15 mph 

 Set applicability 
standard:  
unpaved road 
must be more 
than 50 ft wide 
at all points or 
must not be 
within 25 ft of 
property line, or 
have more than 
20 vehicle trips 
per day.  All 
roads with 
average daily 
traffic greater 
than average of 
all unpaved 
roads within its 
jurisdiction must 
be treated 

SCAQMD 
Rule 
1186 

9/10/1999 

Control measures 
implemented by 
June 1, 2003:  
pave, apply dust 
palliative, or 
other 

Complies 
with 
stabilization 
standard:  
limit visible 
dust 
emissions 
to 20% 
opacity, 
limit silt 
loading to 
0.33 oz/ft2, 
and limit silt 
content to 
6%  

All 
unpaved 
roads with 
vehicular 
traffic 150 
vehicles or 
more per 
day 

Hydrographic 
Basins 212, 

216, 217 
Sect. 91 Air 
Quality Reg. 
06/22/2000 

Limit vehicle 
spd </=15mph 
and </=20 
trips/day; 
BACM:  
watering, 
paving, 
apply/maintain 
gravel, asphalt, 
or dust 
suppressant; 
Dust ctrl plan 
for constr site 
roads 

Limit VDE 
to 20% 
opacity; 
limit silt 
loading to 
0.33oz/ft^2, 
limit silt 
content to 
6% 

Constr site roads, 
inactive/active; 
limiting vehicle 
spd and trips is alt 
to stabilization 
reqs and max 
number of trips 
each day in ctrl 
plan (also number 
of vehicles, 
earthmoving 
equip, etc.); for 
roads with >/=150 
vehicles/day 
implement BACM 
by 06/10/2004; 
same for >/=250 
vehicles day 
(existing roads by 
06/10/2000)  

Maricopa 
County        

Rule 310 and 
310.01 

04/07/2004 and 
02/16/2000 
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6.7  Compliance Tools 
 

Compliance tools assure that the regulatory requirements, including application of 
dust controls, are being followed.  Three major categories of compliance tools are 
discussed below. 
 
Record keeping:  A compliance plan is typically specified in local air quality rules and 
mandates record keeping of source operation and compliance activities by the source 
owner/operator.  The plan includes a description of how a source proposes to comply 
with all applicable requirements, log sheets for daily dust control, and schedules for 
compliance activities and submittal of progress reports to the air quality agency.  The 
purpose of a compliance plan is to provide a consistent reasonable process for 
documenting air quality violations, notifying alleged violators, and initiating enforcement 
action to ensure that violations are addressed in a timely and appropriate manner. 
 

Site inspection:  This activity includes (1) review of compliance records, (2)  
proximate inspections (sampling and analysis of source material), and (3) general 
observations.  An inspector can use photography to document compliance with an air 
quality regulation. 
 

On-site monitoring:  EPA has stated that “An enforceable regulation must also 
contain test procedures in order to determine whether sources are in compliance.”  
Monitoring can include observation of visible plume opacity, surface testing for crust 
strength and moisture content, and other means for assuring that specified controls are in 
place. 
 

The following table summarizes the compliance tools that are applicable for unpaved 
roads. 
 

Table 6-9.  Compliance Tools for Unpaved Roads 
Record keeping Site inspection/monitoring 

Road map; traffic volumes, speeds, and 
patterns; dust suppression equipment and 
maintenance records; frequencies, amounts, 
times, and rates for watering and dust 
suppressants (type); use of water surfactants; 
calculated control efficiencies; regrading, 
graveling, or paving of unpaved road 
segments; control equipment downtime and 
maintenance records; meteorological log. 

Observation of water truck operation and 
inspection of sources of water; 
observation of dust plume opacity 
exceeding a standard; counting of traffic 
volumes; surface material sampling and 
analysis for silt and moisture contents; 
real-time portable monitoring of PM. 

 
6.8  Sample Cost-Effectiveness Calculation 
 

This section is intended to demonstrate how to select a cost-effective control 
measure for fugitive dust originating from unpaved roads.  A sample cost-effectiveness 
calculation is presented below for a specific control measure (watering) to illustrate the 
procedure.  The sample calculation includes the entire series of steps for estimating 
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uncontrolled emissions (with correction parameters and source extent), controlled 
emissions, emission reductions, control costs, and control cost-effectiveness values for 
PM10 and PM2.5.  In selecting the most advantageous control measure for construction 
and demolition, the same procedure is used to evaluate each candidate control measure 
(utilizing the control measure specific control efficiency and cost data), and the control 
measure with the most favorable cost-effectiveness and feasibility characteristics is 
identified. 

 
Sample Calculation for Unpaved Roads 

(Industrial Facility) 
 

Step 1.  Determine source activity and control application parameters.   
 

Road length (mile) 10 
Vehicles/day 100 
Wet days/year 20 
Number of workdays/year 260 
Number of emission days/yr (workdays 
without rain) 

240 

Control Measure Watering 
Control Application/Frequency Twice daily* 
Economic Life of Control System (year) 10 
Control Efficiency 55% 
* No nighttime traffic. 

 

The number of vehicles per day, wet days per year, workdays per year, and the 
economic life of the control are determined from climatic and industrial records.  
The number of emission days per year are calculated by subtracting the number 
of annual wet days from the number of annual workdays: 
 

Number of workdays/yr – Wet days/yr = 260 – 20 = 240 
 

Watering has been chosen as the applied control measure.  The control 
application/frequency and control efficiency are default values provided by MRI, 
2001.35 
 

Step 2.  Calculate Emission Factor.  The PM2.5 and PM10 emission factors are 
calculated from the AP-42 equation utilizing the appropriate correction 
parameters.    
 

E = k(s/12)a (W/3)b 

 
k—PM2.5 (lb/VMT) 0.23 
k—PM10 (lb/VMT) 1.5 
s—silt content (%) 15 
a—PM2.5 (dimensionless) 0.9 
a—PM10 (dimensionless) 0.9 
W—vehicle weight (tons) 15 
b—vehicle weight (dimensionless) 0.45 

 

•  EPM10 = 3.8 lb/VMT 
•  EPM2.5 = 0.6 lb/VMT 

 

 
Step 3.  Calculate Uncontrolled PM Emissions.  The emission factors (calculated 
in Step 2) are multiplied by the number of vehicles per day and by the number of 
emission days per year (both under activity data) and divided by 2,000 lb/ton to 
compute the annual PM emissions, as follows: 
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Annual emissions = (Emission Factor x Vehicles/day x Number of 
emission days/yr)/2,000 

 
•  Annual PM10 Emissions = (3.8 x 100 x 240)/2,000 = 45.4 tons 
•  Annual PM2.5 Emissions = (0.6 x 100 x 240)/2,000 = 7.0 tons 

 
Step 4.  Calculate Controlled PM Emissions.  The uncontrolled emissions 
(calculated in Step 3) are multiplied by the percentage that uncontrolled 
emissions are reduced, as follows: 
 

Controlled emissions = Uncontrolled emissions x (1 – Control efficiency 
fraction), where CE = 55% (as seen under activity data) 

 
For this example, we have selected watering as our control measure.  Based on 
a control efficiency estimate of 55% for the application of water to unpaved 
roads, the annual controlled emissions estimate are calculated to be: 
 

Annual Controlled PM10 emissions = (45.4 tons) x (1 – 0.55) = 20.4 tons 
Annual Controlled PM2.5 emissions = (7.0 tons) x (1 – 0.55) = 3.1 tons 

 
Step 5.  Determine Annual Cost to Control PM Emissions.   
 

Capital costs ($) 6,000 
Operating/Maintenance costs ($) 8,000 
Overhead costs ($) 4,000 
Enforcement/Compliance costs ($) 500 
Annual Interest Rate  3% 
Capital Recovery Factor 0.12 
Total Cost ($) 18,500 
Annualized Cost ($/yr) 13,203 

 
The Capital costs, the Operating/Maintenance costs, and the 
Enforcement/Compliance costs are default values determined from current 
sources (e.g. Sierra Research, 200337) 
 
The Overhead costs are typically one-half of the Operating/Maintenance costs. 
Overhead costs = $8,000/2 = $4,000. 
 
The Annual Interest Rate (AIR) is based on the most up to date information and 
sources. 
 
The Capital Recovery Factor (CRF) is figured by multiplying AIR by 1 plus AIR, 
raised to the exponent of the Economic life of the control system, and then 
dividing by 1 plus AIR to the Economic life minus 1, as follows: 
 

Capital Recovery Factor = AIR x (1+AIR) Economic life / (1+AIR)Economic life – 1 
 

Capital Recovery Factor = 3% x (1+ 3%)10 / (1+ 3%)10 – 1 = 0.12 
 
The Total Cost is the sum of the Capital costs, Operating/Maintenance costs, 
Overhead costs, and the Enforcement/Compliance costs: 
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Total Cost = Capital costs + Operating/Maintenance costs + Overhead + 
Enforcement/Compliance costs 

 
Total Cost = 6,000 + 8,000 + 4,000 + 500 = $18,500 

 
The Annualized Cost is calculated by adding the product of the Capital Recovery 
Factor and the Capital costs to the Operating/Maintenance costs and the 
Overhead costs and the Enforcement/Compliance costs: 
 

Annualized Cost = (CRF x Capital costs) + Operating/Maintenance + 
Overhead costs + Enforcement/Compliance costs 

 
Annualized Cost = (0.12 x 6,000) + 8,000 + 4,000 + 500 = $13,200 

 
Step 6.  Calculate Cost Effectiveness.  Cost effectiveness is calculated by 
dividing the annualized cost by the emissions reduction.  The emissions 
reduction is determined by subtracting the controlled emissions from the 
uncontrolled emissions:   
 

Cost effectiveness = Annualized Cost/ (Uncontrolled emissions – 
Controlled emissions) 

 
Cost effectiveness for PM10 emissions = $13,203/ (45.4 – 20.4) = $530/ton 
Cost effectiveness for PM2.5 emissions = $13,203/ (7.0 – 3.1) = $3,450/ton 
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AP-42 does not include a section on agricultural wind erosion.  Thus, the 
methodology adopted by the California Air Resources Board (CARB) is presented as the 
primary emissions estimation methodology in lieu of an official EPA methodology for 
this fugitive dust source category. 
 
 This section was adapted from Section 7.12 of CARB’s Emission Inventory 

Methodology.  Section 7.12 was last updated in July 1997. 
 
7.1  Characterization of Source Emissions 
 

Wind blowing across exposed nonpasture agricultural land results in particulate 
matter (PM) emissions.  Windblown dust emissions from agricultural lands are calculated  
by multiplying the process rate (acres of crop in cultivation) by an emission factor (tons 
of PM per acre per year).   

 
7.2  Emission Estimation:  Primary Methodology1-12 
 

The standard methodology for estimating the emission factor for windblown 
emissions from agricultural lands is the wind erosion equation (WEQ).  Although the 
WEQ is well established, it is controversial.  The WEQ was developed by the United 
States Department of Agriculture-Agricultural Research Service (USDA-ARS) during the 
1960s, for the estimation of wind erosion on agricultural land.4,5  The U.S. EPA adapted 
the USDA-ARS methodology for use in estimating windblown PM emissions from 
agricultural lands in 19746, and the California Air Resources Board (CARB) adopted the 
U.S. EPA methodology in 1989.1

 
The USDA-ARS has been conducting ambitious programs over the past decade to 

replace the WEQ with improved wind erosion prediction models such as the Revised 
Wind Erosion Equation (RWEQ)7 and the Wind Erosion Prediction System (WEPS)8 
models.  CARB does not consider these models feasible for use, although certain portions 
of the RWEQ were incorporated into the CARB methodology in 1997.  According to 
CARB, the WEQ (with modifications) continues to be the best available, feasible method 
for estimating windblown agricultural emissions. 
 
7.2.1  Summary of CARB’s Wind Erosion Equation (ARBWEQ) 
 

Much of the controversy surrounding the WEQ has related to its tendency to produce 
inflated emission estimates.  Some of the reasons for the inflated emissions relate to the 
fact that it was developed in the Midwestern United States, and that it does not take into 
account many of the environmental conditions and farm practices specific to the West.  In 
the revised methodology developed by CARB (referred to as the ARBWEQ), CARB staff 
added adjustments to the WEQ to improve its ability to estimate windblown emissions 
from western agricultural lands.   

 
The U.S. EPA modified the USDA-ARS derived WEQ in 1974 as follows:6  
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 ES = AIKCL'V'  (1) 
 
where, ES = suspended PM10 fraction of wind erosion losses of tilled fields 

(tons/acre/year) 
 A = portion of total wind erosion losses that would be measured as suspended 

PM10, estimated to be 0.025 
 I = soil erodibility (tons/acre/year) 
 K = surface roughness factor (dimensionless) 
 C = climatic factor (dimensionless) 
 L' = unsheltered field width factor (dimensionless) 
 V' = vegetative soil cover factor (dimensionless) 
 

The A factor in Equation 1 has been used in the ARBWEQ without modification.  
There has been concern that this factor doesn’t take into account finite dust loading.  The 
RWEQ7 and WEPS8 models are attempting to address that concern.  The soil erodibility 
factor, I, was initially established for the WEQ for a large, flat, bare field in Kansas.  
Kansas has relatively high winds along with hot summers and low precipitation.  The K, 
C, L' and V' factors serve to adjust the equation for applicability to field conditions that 
differ from the original Kansas field.  The PM2.5/PM10 ratio for windblown dust from 
agricultural land published by CARB is 0.222.3 

 
In the WEQ, the soil erodibility factor, I, is a function of soil particle diameter, 

which can be estimated for various soil textural classes from Table A-1 of the above-
referenced U.S. EPA methodology.6  The soil textural classes were determined by CARB 
staff from University of California soil maps.9  An additional level of detail was included 
in the ARBWEQ by using the United States Department of Agriculture-Natural 
Resources Conservation Service’s (NRCS) State Geographic Data Base (STATSGO) of 
soil data.10  In addition, the USDA-ARS recommended an adjustment for changes to long 
term erodibility due to irrigation.11  This affects a property known as cloddiness, and 
refers to the increased tendency for a soil to form stable agglomerations after being 
exposed to irrigation water. 

 
The surface roughness factor, K, reflects the reduction in wind erosion due to ridges, 

furrows, and soil clods, and is crop specific.  The values for K were derived from Table 
A-2 in the above-referenced U.S. EPA methodology.6  Similar crops were assigned 
similar surface roughness values. 

 
The annual climatic factor, C, is based on data that show that erosion varies directly 

with the wind speed cubed, and as the inverse of the square of surface soil moisture.  For 
the ARBWEQ, CARB staff improved the input data, as well as the methods associated 
with developing the county wide averaged annual climatic factor.  Monthly climatic 
factors were obtained by modifying the annual climatic factor calculation method. 

 
Figure A-5 in the above referenced U.S. EPA methodology6 allows the calculation of 

the unsheltered field width factor, L', from the unsheltered field width, L, and the product 
of erodibility, I, and surface roughness, K.  The values for the unsheltered field width, L, 
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were derived from Table A-2 in the above referenced U.S. EPA methodology.6  Similar 
crops were assigned similar unsheltered field width values. 

 
The vegetative soil cover factor, V', is especially problematic for California, and was 

completely replaced by a series of factors in the ARBWEQ (see analysis below).  This 
factor assumes a certain degree of cover year round based upon post harvest soil cover, 
and does not account for barren fields from land preparation, growing canopy cover, or 
replanting of crops during a single annual cycle.  All of these factors are very important 
in the estimation of windblown agricultural dust emissions.  Therefore, CARB staff 
replaced the vegetative soil cover factor, V', with separate crop canopy cover, post 
harvest soil cover, and post harvest replant factors. 

 
7.2.2  Climate-Based Improvements in the ARBWEQ 
 

The calculation of the climatic factor C requires mean monthly temperature, monthly 
rainfall, and mean annual wind speed for a given location as data inputs.  This factor is 
used to estimate climatic effects on an annual basis.  In order to make estimates of 
emissions using the ARBWEQ that are specific to different seasons, it is necessary to 
estimate the climatic factor that would apply to each season.  The changes to the 
agricultural windblown emissions inventory discussed here, include modifications to both 
the annual and the monthly climatic factor profile determination methodology included in 
the ARBWEQ. 

 
The Annual Climatic Factor for the ARBWEQ.  Page 157 of the above referenced 

U.S. EPA document6 includes a definition of the climatic factor which agrees with the 
method utilized by the NRCS.12  It incorporates the monthly precipitation effectiveness 
derived from precipitation and temperature, along with monthly average wind speeds.  
Garden City, Kansas is assigned a factor of 1.0 and the climatic factors for all other sites 
are adjusted from this value. 

 
The Monthly Climatic Factor for the ARBWEQ.  There are several ways to create 

a climate-based monthly profile for the ARBWEQ.  Because the ARBWEQ is an annual 
emission estimation model, CARB staff did not directly estimate monthly emissions 
using the monthly climatic factor.  Instead, the annual climatic factor was used to 
determine annual emissions, and then the monthly normalized climatic factors were 
multiplied by the annual emissions.  This helped to limit the effect of extreme monthly 
values on the annual emissions estimate.  CARB staff devised a method termed the 
“month-as-a-year” method which produced climatic factors which would apply if the 
climate for a given month were instead the year round climate.  These monthly numbers, 
once normalized, provided the climate-based temporal profile.  The improvements arising 
from the use of the month-as-a-year method are due to the fact that it relies on 
temperature, and precipitation inputs, in addition to wind.  The ARBWEQ further 
modified the temporal profile calculation, by also adding nonclimate-based temporal 
factors.  The month-as-a-year method in the ARBWEQ produces pronounced curves with 
small climatic factors (resulting in lower emissions) in the cool, wet and more stagnant 
periods, and large climatic factors (and higher emissions) in the hot, dry, and windy 
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periods.  The U.S. EPA method yields gentler profiles, which are shifted into the cooler 
and wetter months from the ARBWEQ profiles.  The 1989 CARB methodology 
established one erosive wind energy distribution statewide.  This resulted in an 
unrealistic, nearly flat distribution, with very little seasonality.  Therefore, the ARBWEQ 
month-as-a-year method provides a more realistic picture of the windblown dust temporal 
profile (see supplemental documentation2 for comparison curves, and supporting 
references). 

 
7.2.3  Nonclimate-Based Improvements in the ARBWEQ  
 

Among the nonclimate-based factors that influence windblown agricultural 
emissions are soil type, soil structure, field geometry, proximity to wind obstacles, crop, 
soil cover by crop canopy or post harvest vegetative material, irrigation, and replanting of 
the post harvest fallow land with a different crop.  CARB staff have attempted to correct 
many of these limitations in the ARBWEQ.  Many of the corrections are temporally 
based and rely upon the establishment of accurate crop calendars to reflect field 
conditions throughout the year.  The long-term irrigation-based adjustment to erodibility, 
due to soil cloddiness, is not temporally based, and is therefore applied for the entire 
year.11  The change in erodibility varies based on soil type, but often results in a reduction 
in the tons per acre value for irrigated crops of about one-third. 

 
Crop Calendars:  Quantifying Temporal Effects.  Factors such as crop canopy 

cover, post harvest soil cover, irrigation, and replanting to another crop have a major 
effect on windblown emissions.  Estimating the effects of these factors requires 
establishing accurate crop calendars.  The planting and harvesting dates are principal 
components of the crop calendar.  The list of references consulted to establish the 
planting and harvesting dates is included in the supplemental documentation.2

 
Each planting month for a given crop was viewed by CARB staff as a separate 

cohort (maturation class).  Since a single planting cohort may be harvested in several 
months, each cohort was split into cohort-plant/harvest date pairs.  The cohort-
plant/harvest date pairs were then assigned based upon a first-in-first-out ordering.  The 
fraction of the total annual crop assigned to a given cohort-plant/harvest date pair was 
derived by multiplying the fraction of the total annual crop planted in a given month 
(cohort) by the fraction of the cohort harvested in a given month.  The fraction of a 
cohort-plant/harvest date pair that has been planted, but not harvested at any given time, 
is termed the growing canopy fraction, or GCF (although the canopy may or may not 
actually be increasing at any given time).  The growing canopy fraction determines the 
fraction of the acreage that will have the crop canopy factor applied to its emission 
calculations.  The acreage that is not assigned to the growing canopy fraction is the 
postharvest/preplant (PHPP) acreage.  The PHPP acreage will have the post harvest soil 
cover, and replanting to a different crop factors applied when calculating its emissions.  
The effect of using cohort-plant/harvest date pairs is to blend the crop canopy, soil cover, 
replanting, and irrigation effects over both the planting and harvesting periods.  This 
approach provides a more realistic estimate of the temporal windblown emissions profile 
during these periods.  All of the monthly factor profile adjustments described below are 
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calculated for each month of the year, for each cohort-harvest/plant date pair, for each 
crop, for each county. 

 
Adding a Short-Term Irrigation Factor for Wetness.  This adjustment takes into 

account the overall soil texture, number of irrigation events, and fraction of wet days 
during the time period11 (one month for the purposes of the CARB inventory).  The list of 
references consulted to establish the irrigation profiles is included in the supplemental 
documentation.2  The irrigation factor for months in which irrigations take place will 
typically be greater than 0.80.  In other words, the irrigations will result in a reduction in 
erodibility of less than 20%.  This is only an estimate for a typical case during the 
growing season.  When averaged over the year, the overall reduction in erodibility is 
lower. 

 
Replacement Factors to Address Problems with the Vegetative Soil Cover 

Factor in the WEQ.  According to CARB, there are many problems with the vegetative 
soil cover factor, V,.  For example, this factor is applied to the acreage year round, even 
during the growing season, and ignores the effect of disk-down and other land 
preparation operations on post harvest vegetative soil cover.  The factor also does not 
account for canopy cover during the growing season.  In addition, the WEQ was derived 
based on agricultural practices typical of the Midwestern United States.  Crops such as 
alfalfa have full canopy cover for nearly the entire year.  There is also a large amount of 
acreage that is used for more than one crop per year, and there was no provision in the 
vegetative soil cover factor for estimating the effects on emissions of this replanting.  
Whether the land is to be immediately replanted to a different crop, or is going to remain 
fallow until the next planting of the same crop, it is common practice to disk under the 
harvested crop within a month or two of harvest.  The vegetative soil cover factor for the 
most part assumes that the post harvest debris remains undisturbed.  References to 
support this agricultural practice are included in the supplemental documentation.2  
CARB staff replaced the vegetative soil cover factor in the ARBWEQ with the three 
adjustments discussed below to approximate the effects on windblown agricultural PM 
emissions of:  (a) crop canopy cover during the growing season; (b) changes to post 
harvest soil cover; and (c) post harvest planting of a different crop on the harvested 
acreage. 

 
Crop Canopy Factor.  Crop canopy cover is the fraction of ground covered by crop 

canopy when viewed directly from above.  USDA-ARS staff provided CARB with 
methodology from the RWEQ for estimating the effects of crop canopy cover on 
windblown dust emissions.7  The soil loss ratio (SLRcc) is defined as the ratio of the soil 
loss for a soil of a given canopy cover divided by the soil loss from bare soil.  SLRcc is 
the factor which is multiplied by the erodibility to adjust the erodibility for canopy cover.  
The greater the canopy cover, the smaller the SLRcc, and the greater the reduction in 
erodibility.  SLRcc defines an exponential curve that demonstrates major differences in 
the erodibility reduction for the range of zero to 30 percent canopy cover (typically 
achieved within a few months after planting).  Thereafter, reductions occur much more 
slowly, and eventually the curve flattens out.  This results in a rapid decrease in 
emissions during the first few months following planting, until the emissions are only a 
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very small fraction of the bare soil emissions.  The canopy cover then will remain, and 
the windblown emissions will consequently stay very low until harvest.  Senescence 
effects (late growing season reduction in canopy) have been excluded from this model, 
and the rationale for that exclusion has been discussed in the supplemental 
documentation.2

 
Post Harvest Soil Cover Factor.  Post harvest soil cover is the fraction of ground 

covered by vegetative debris when viewed directly from above.  USDA-ARS staff 
provided CARB with methodology from the RWEQ for estimating the effects of post 
harvest soil cover on windblown dust emissions.7  The soil loss ratio (SLRsc) is defined 
as the ratio of the soil loss for a soil of a given soil cover divided by the soil loss from 
bare soil.  SLRsc is the factor which is multiplied by the erodibility to adjust the 
erodibility for post harvest soil cover.  The greater the post harvest soil cover, the smaller 
the SLRsc, and the greater the reduction in erodibility.  The list of references consulted to 
establish the post harvest soil cover profiles is included in the supplemental 
documentation.2

 
Post Harvest “Replant-to-Different-Crop” Factor.  As discussed above, the 

vegetative soil cover factor does not include any adjustments for harvested acreages that 
are quickly replanted to a different crop.  This multiple cropping is very common in 
California, and has been accounted for in this methodology by removing from the 
inventory calculation the fraction of the harvested acreage that is replanted, at the 
estimated time of replanting.  This removed fraction is based on information provided by 
agricultural authorities (see reference list in supplemental documentation2).  The net 
result of the application of the fraction is that the post disk-down acreage (one to two 
months after harvest), and resultant emissions, is reduced by the fraction of harvested 
acreage converted to a new crop. 

 
Bare and Border Soil Adjustments.  Most fields will have some cultivated areas 

that are barren.  These bare areas could be due to uneven ground (e.g., water 
accumulation), uneven irrigation, pest damage, soil salinity, etc.  Most fields will have 
some type of border.  In some cases there is a large barren border, in other cases it is 
overgrown with vegetation.  Many border areas are relatively unprotected, and prone to 
wind erosion.  CARB staff established approximate fractions of cultivated acreage that 
would be barren and border areas, respectively.  These barren and border acreage 
adjustments result in emission increases disproportionate to the acreage involved.  The 
reason that the bare acreage-based increase is so large is that the bare acreage does not 
have either a crop canopy or post harvest soil cover factor applied.  The same reasons 
apply to the border adjustment, but the border region is also assumed not to be irrigated.  
Therefore, no irrigation factor (wetness), and no long-term irrigation adjustment to 
erodibility (cloddiness) are applied.  No border adjustment was applied to the pasture 
acreage, since pasture areas frequently lack a barren border. 

 
Temporal Activity.  For the 1989 CARB methodology, the temporal profile was 

based on an estimated statewide erosive wind energy profile.  The profile, implemented 
in the ARBWEQ included wind, precipitation and temperature climatic effects, along 
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with the addition of the effects of crop canopy, postharvest soil cover, postharvest 
replanting to a different crop, and irrigation.  In addition, the inclusion of bare ground and 
field border effects also adjusted the profile in the ARBWEQ.  The profile produced for 
the ARBWEQ is no longer a separate profile applied to annual emissions, but is now an 
intermediate output produced during the estimation of annual emissions. 

 
7.3  Demonstrated Control Techniques 
 

The emission potential of agricultural wind erosion is affected by the degree to 
which soil management and cropping systems provide adequate protection to the exposed 
soil surface during exposure periods.  Table 7-1 presents a summary of demonstrated 
control measures and the associated PM10 control efficiencies.  It is readily observed that 
reported control efficiencies for many of the control measures are highly variable.  This 
may reflect differences in the operations as well as the test methods used to determine 
control efficiencies. 
 

Table 7-1.  Control Efficiencies for Control Measures for  
Agricultural Wind Erosion13-17 

Control measure 

PM10 
Control 

Efficiency References/comments 
Artificial wind 
barrier 

64-88% U.S. EPA, 1992.  Assumes a 50% porosity fence. 

 54-71% Grantz et al, 1998.  Control efficiency is for a wind fence. 

 4-32% Bilbro and Stout, 1999.  Control efficiency based upon 
reduction in wind velocity by a wind fence made from plastic 
pipe with a range of optical density of from 12% to 75%. 

Cover crop 90% Washington State Univ., 1998. 

Cross-wind 
ridges 

24-93% Grantz et al, 1998.  Control efficiency is for furrows. 

 40-80% Washington State Univ., 1998. 

Mulching 20-40% Washington State Univ., 1998.  Control efficiency is for straw. 

Trees or shrubs 
planted as a 
windbreak 

25% Sierra Research, 1997.  Control efficiency is for trees. 

 
7.4  Regulatory Formats 
 

Fugitive dust control options have been embedded in many regulations for state and 
local agencies in the WRAP region.  Regulatory formats specify the threshold source size 
that triggers the need for control application.  Example regulatory formats for several 
local air quality agencies in the WRAP region are presented in Table 7-2.  The website 
addresses for obtaining information on fugitive dust regulations for local air quality 
districts within California, for Clark County, NV, and for Maricopa County, AZ, are as 
follows: 
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Table 7-2.  Example Regulatory Formats for Agricultural Wind Erosion 
CAPCOA Maricopa County, AZ 

Control measure Goal Threshold Agency Control measure Goal Threshold Agency 
              
Requires producers to draft 
and implement fugitive dust 
plan with approved control 
methods 

Limits fugitive 
dust from 
agricultural 
sources 

  SJVAPCD
Rule 8081 
11/15/2001 

Dust 
suppressants, 
gravel, install 
shrubs/trees 

Limit fugitive dust 
plume to 20% 
opacity 

Commercial 
feedlot/livestock area; 
shrubs/trees 50ft-100ft 
from animal pens; 
compliance with 
stabilization limitation 

Maricopa County       Rule 310.01 
02/16/2000 

           
Exemption from Rule 403 
gen. reqs. 

Limit PM10 
Levels to 50 
ug/m^3 

Voluntary 
implementation of 
district approved 
conservation 
practices and 
complete/maintain 
self-monitoring plan 

SCAQMD Rule 
403 

12/11/1998 
(Applies to 
Coachella 

Valley 
Apr. 2004) 

      

           
Requires dust plan that 
contains procedures assuring 
moisture factor between 
20%-40% for manure in top 
3" of occupied pens and 
outlines manure management 
practices and removal 

Reduce fugitive 
dust from 
livestock feed 
yards  

 ICAPCD Rule
420 8/13/2002 

  Record keeping 
for all ctrl 
measure taken 

Ensure that 
appropriate ctrl 
measures are 
implemented and 
maintained 

All ops subject to Rule 
310.01, provided within 48 
hrs of ctrl officer request 

Maricopa County       Rule 310.01 
02/16/2000 

 

 



• Districts within California:  www.arb.ca.gov/drdb/drdb.htm 
• Clark County, NV:  www.co.clark.nv.us/air_quality/regs.htm 
• Maricopa County, AZ:  www.maricopa.gov/envsvc/air/ruledesc.asp 

(Note:  The Clark County website did not include regulatory language specific to 
agricultural wind erosion at the time this chapter was written.) 
 
7.5  Compliance Tools 
 

Compliance tools assure that the regulatory requirements, including application of 
dust controls, are being followed.  Three major categories of compliance tools are 
discussed below. 
 

Record keeping:  A compliance plan is typically specified in local air quality rules 
and mandates record keeping of source operation and compliance activities by the source 
owner/operator.  The plan includes a description of how a source proposes to comply 
with all applicable requirements, log sheets for daily dust control, and schedules for 
compliance activities and submittal of progress reports to the air quality agency.  The 
purpose of a compliance plan is to provide a consistent reasonable process for 
documenting air quality violations, notifying alleged violators, and initiating enforcement 
action to ensure that violations are addressed in a timely and appropriate manner. 
 

Site inspection:  This activity includes (1) review of compliance records, (2)  
proximate inspections (sampling and analysis of source material), and (3) general 
observations.  An inspector can use photography to document compliance with an air 
quality regulation. 
 

On-site monitoring:  EPA has stated that “An enforceable regulation must also 
contain test procedures in order to determine whether sources are in compliance.”  
Monitoring can include observation of visible plume opacity, surface testing for crust 
strength and moisture content, and other means for assuring that specified controls are in 
place. 
 

The following table summarizes the compliance tools that are applicable to 
agricultural wind erosion. 
 

Table 7-3.  Compliance Tools for Agricultural Wind Erosion 
Record keeping Site inspection/monitoring 

Land condition by date (e.g., 
vegetation; furrowing of fallow land; 
soil crusts), including residue 
management and percentages; 
meteorological log; establishment/ 
maintenance of wind breaks. 

Observation of land condition (crusts, 
furrows), especially during period of high 
winds. 
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7.6  Sample Cost-Effectiveness Calculation 
 

This section is intended to demonstrate how to select a cost-effective control 
measure for fugitive dust originating from agricultural wind erosion.  A sample cost-
effectiveness calculation is presented below for a specific control measure (mulching) to 
illustrate the procedure.  The sample calculation includes the entire series of steps for 
estimating uncontrolled emissions (with correction parameters and source extent), 
controlled emissions, emission reductions, control costs, and control cost-effectiveness 
values for PM10 and PM2.5.  In selecting the most advantageous control measure for 
construction and demolition, the same procedure is used to evaluate each candidate 
control measure (utilizing the control measure specific control efficiency and cost data), 
and the control measure with the most favorable cost-effectiveness and feasibility 
characteristics is identified.  

 
 

Sample Calculation for Agricultural Wind Erosion 
 

Step 1.  Determine source activity and control application parameters. 
 

Field size (acres) 320 
Control Measure 1,000 lb mulch per acre 
Control application/frequency Once post-harvesting 
Control Efficiency 30% 

 
The field size is an assumed value, for illustrative purposes.  Mulching at a rate 
of 1,000 lbs per acre has been chosen as the applied control measure.  The 
control application/frequency and control efficiency are default values provided 
by WSU, 1998.16 

 
Step 2.  Calculate Emission Factor.  The PM2.5 and PM10 emission factors are 
obtained from MRI, 1992,15 with a default PM2.5/PM10 ratio of 0.25. 
 

PM2.5 Emission Factor  21.7 (lb/acre) 
PM10 Emission Factor  86.6 (lb/acre) 

 
Step 3.  Calculate Uncontrolled PM Emissions.  The emission factors (given in 
Step 2) are multiplied by the field size (under activity data) and then divided by 
2,000 lbs to compute the annual emissions in tons per year, as follows: 
 

Annual emissions = (Emission Factor x Field Size)/2,000 
 

• Annual PM10 Emissions = (86.6 x 320) /2,000 = 13.9 tons 
• Annual PM2.5 Emissions = (21.7 x 320) /2,000 = 3.5 tons 

 
Step 4.  Calculate Controlled PM Emissions.  The uncontrolled emissions 
estimate (calculated in Step 3) is multiplied by the percentage that uncontrolled 
emissions are reduced, as follows: 
 

Controlled emissions = Uncontrolled emissions x (1 – Control Efficiency), 
where CE = 30% (as seen under activity data) 
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For this example, we have selected conservation tilling as our control measure.  
Based on a control efficiency estimate of 30% , the annual controlled emissions 
are calculated to be: 
 

Annual Controlled PM10 emissions = (13.9 tons) x (1 – 0.3) = 9.7 tons 
Annual Controlled PM2.5 emissions = (3.5 tons) x (1 – 0.3) = 2.4 tons 

 
Step 5.  Determine Annual Cost to Control PM Emissions.   
 
The Annualized Cost is calculated by multiplying the number of acres by the cost 
per acre.  The default cost is $40 per acre (WSU, 1998)16: 
 

Annualized Cost = 320 x 40 = $12,800 
 
Step 6.  Calculate Cost-effectiveness.  Cost-effectiveness is calculated by 
dividing the annualized cost by the emissions reduction.  The emissions 
reduction is determined by subtracting the controlled emissions from the 
uncontrolled emissions:   
 

Cost-effectiveness = Annualized Cost/ (Uncontrolled emissions – Controlled 
emissions) 

 
Cost-effectiveness for PM10 emissions = $12,800/ (13.9 – 9.7) = $3,100/ton 
Cost-effectiveness for PM2.5 emissions = $12,800/ (3.5 – 2.4) = $12,300/ton 
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 This section was adapted from Section 13.2.5 of EPA’s Compilation of Air 
Pollutant Emission Factors (AP-42).  Section 13.2.5 was last updated in January 
1995. 

 
8.1  Characterization of Source Emissions 
 

Dust emissions may be generated by wind erosion of open areas of exposed soils or 
other aggregate materials within an industrial facility.  These sources typically are 
characterized by nonhomogeneous surfaces impregnated with nonerodible elements 
(particles larger than approximately 1 centimeter [cm] in diameter).  Field testing of coal 
piles and other exposed materials using a portable wind tunnel has shown that:  
(a) threshold wind speeds exceed 5 meters per second (m/s) (11 miles per hour [mph]) at 
15 cm above the surface or 10 m/s (22 mph) at 7 m above the surface, and (b) particulate 
emission rates tend to decay rapidly (half-life of a few minutes) during an erosion event.  
In other words, these aggregate material surfaces are characterized by finite availability 
of erodible material (mass/area) referred to as the erosion potential.  Any natural crusting 
of the surface binds the erodible material, thereby reducing the erosion potential.  Loose 
soils or other aggregate materials consisting of sand-sized materials act as an unlimited 
reservoir of erodible material and can sustain emissions for periods of hours without 
substantial decreases in emission rates. 
 
8.2  Emission Estimation:  Primary Methodology1-10 
 

If typical values for threshold wind speed at 15 cm are corrected to typical wind 
sensor height (7 to 10 m), the resulting values exceed the upper extremes of hourly mean 
wind speeds observed in most areas of the country.  In other words, mean atmospheric 
wind speeds are not sufficient to sustain wind erosion from flat surfaces of the type 
tested.  However, wind gusts may quickly deplete a substantial portion of the erosion 
potential.  Because erosion potential has been found to increase rapidly with increasing 
wind speed, estimated emissions should be related to the gusts of highest magnitude.  The 
routinely measured meteorological variable that best reflects the magnitude of wind gusts 
is the fastest mile.  This quantity represents the wind speed corresponding to the whole 
mile of wind movement that has passed by the 1 mile contact anemometer in the least 
amount of time.  Daily measurements of the fastest mile are presented in the monthly 
Local Climatological Data (LCD) summaries.  The duration of the fastest mile, typically 
about 2 minutes (for a fastest mile of 30 mph), matches well with the half-life of the 
erosion process, which ranges between 1 and 4 minutes.  It should be noted, however, 
that peak winds can significantly exceed the daily fastest mile. 
 

The wind speed profile in the surface boundary layer is found to follow a logarithmic 
distribution as follows: 
 
  (1) )z(zzln*u(z)

z0.4
u    0

0

>=
 
where, 
 u = wind speed (cm/s) 
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 u* = friction velocity (cm/s) 
 z = height above test surface (cm) 
 zo = roughness height (cm) 
 0.4 = von Karman’s constant (dimensionless) 
 

The friction velocity (u*) is a measure of wind shear stress on the erodible surface, as 
determined from the slope of the logarithmic velocity profile.  The roughness height (zo) 
is a measure of the roughness of the exposed surface as determined from the y-intercept 
of the velocity profile, i.e., the height at which the wind speed is zero.  These parameters 
are illustrated in Figure 8-1 for a roughness height of 0.1 cm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8-1.  Illustration of Logarithmic Wind Velocity Profile 
 

Emissions generated by wind erosion are also dependent on the frequency of 
disturbance of the erodible surface because each time that a surface is disturbed, its 
erosion potential is restored.  A disturbance is defined as an action that results in the 
exposure of fresh surface material.  On a storage pile, this would occur whenever 
aggregate material is either added to or removed from the old surface.  A disturbance of 
an exposed area may also result from the turning of surface material to a depth exceeding 
the size of the largest pieces of material present. 
 

The emission factor for wind-generated particulate emissions from mixtures of 
erodible and nonerodible surface material subject to disturbance may be expressed in 
units of grams per square meter (g/m2) per year as follows: 
 
 
  ( 2 ) 

i

N

1i
Pk  factor  Emission ∑

=

=
 
where, 
 k = particle size multiplier 
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 N = number of disturbances per year 
 Pi = erosion potential corresponding to the observed (or probable) fastest mile 

of wind for the ith period between disturbances (g/m2) 
 

The particle size multiplier (k) for Equation 2 varies with aerodynamic particle size, 
as follows: 
 

Aerodynamic Particle Size Multiplier (k) for Equation 2 
PM30 PM15 PM10 PM2.5 

1.0 0.6 0.5 0.2 

 
This distribution of particle size within the under 30 micrometer (µm) fraction is 

comparable to the distributions reported for other fugitive dust sources where wind speed 
is a factor.  This is illustrated, for example, in the distributions for batch and continuous 
drop operations encompassing a number of test aggregate materials (see Chapter 4). 
 

In calculating emission factors, each area of an erodible surface that is subject to a 
different frequency of disturbance should be treated separately.  For a surface disturbed 
daily, N = 365 per year, and for a surface disturbance once every 6 months, N = 2 per 
year.  The erosion potential function for a dry, exposed surface is given as: 
 
 
 P = 58 (u* - ut*)2 + 25 (u* - ut*) ( 3 ) 
 
 P = 0 for u* ≤ ut* 
 
where, 
 u* = friction velocity (m/s) 
 ut = threshold friction velocity (m/s) 

 
Because of the nonlinear form of the erosion potential function, each erosion event 

must be treated separately. 
 

Equations 2 and 3 apply only to dry, exposed materials with limited erosion 
potential.  The resulting calculation is valid only for a time period as long or longer than 
the period between disturbances.  Calculated emissions represent intermittent events and 
should not be input directly into dispersion models that assume steady-state emission 
rates.  For uncrusted surfaces, the threshold friction velocity is best estimated from the 
dry aggregate structure of the soil.  A simple hand sieving test of surface soil can be used 
to determine the mode of the surface aggregate size distribution by inspection of relative 
sieve catch amounts, following the procedure described below. 
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FIELD PROCEDURE FOR DETERMINING THRESHOLD FRICTION VELOCITY 

(from a 1952 laboratory procedure published by W. S. Chepil5) 
 

Step 1. Prepare a nest of sieves with the following openings:  4 mm, 2 mm, 1 mm, 
0.5 mm, and 0.25 mm.  Place a collector pan below the bottom (0.25 mm) 
sieve. 

Step 2. Collect a sample representing the surface layer of loose particles 
(approximately 1 cm in depth, for an encrusted surface), removing any 
rocks larger than about 1 cm in average physical diameter.  The area to be 
sampled should be not less than 30 cm by 30 cm. 

Step 3. Pour the sample into the top sieve (4-mm opening), and place a lid on the 
top. 

Step 4. Move the covered sieve/pan unit by hand, using a broad circular arm 
motion in the horizontal plane.  Complete 20 circular movements at a speed 
just necessary to achieve some relative horizontal motion between the sieve 
and the particles. 

Step 5. Inspect the relative quantities of catch within each sieve, and determine 
where the mode in the aggregate size distribution lies, i.e., between the 
opening size of the sieve with the largest catch and the opening size of the 
next largest sieve. 

Step 6. Determine the threshold friction velocity from Table 8-1.   

 
The results of the sieving can be interpreted using Table 8-1.  Alternatively, the 

threshold friction velocity for erosion can be determined from the mode of the aggregate 
size distribution using the graphical relationship described by Gillette.5-6  If the surface 
material contains nonerodible elements that are too large to include in the sieving (i.e., 
greater than about 1 cm in diameter), the effect of the elements must be taken into 
account by increasing the threshold friction velocity.10

 
Table 8-1  Field Procedure for Determination of  

Threshold Friction Velocity (Metric Units) 
Tyler Sieve No. Opening (mm) Midpoint (mm) ut* (cm/s) 

5 4   

9 2 3 100 

16 1 1.5 76 

32 0.5 0.75 58 

60 0.25 0.375 43 

 
Threshold friction velocities for several surface types have been determined by field 

measurements with a portable wind tunnel.  These values are presented in Table 8-2. 
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Table 8-2  Threshold Friction Velocities (Metric Units) 
Threshold wind velocity at

10 m (m/s) 
Material 

Threshold  
friction  

velocity (m/s) 
Roughness
height (cm) zo = Actual zo = 0.5 cm 

Overburdena 1.02 0.3 21 19 

Scoria (roadbed material)a 1.33 0.3 27 25 

Ground coal (surrounding coal pile)a 0.55 0.01 16 10 

Uncrusted coal pilea 1.12 0.3 23 21 

Scraper tracks on coal pilea,b 0.62 0.06 15 12 

Fine coal dust on concrete padc 0.54 0.2 11 10 
a  Western surface coal mine.  Reference 2. 
b  Lightly crusted. 
c  Eastern power plant.  Reference 3. 
 

The fastest mile of wind for the periods between disturbances may be obtained from 
the monthly local climatological data (LCD) summaries for the nearest reporting weather 
station that is representative of the site in question.7  These summaries report actual 
fastest mile values for each day of a given month.  Because the erosion potential is a 
highly nonlinear function of the fastest mile, mean values of the fastest mile are 
inappropriate.  The anemometer heights of reporting weather stations are found in 
Reference 8, and should be corrected to a 10-m reference height using Equation 1.  To 
convert the fastest mile of wind (u+) from a reference anemometer height of 10 m to the 
equivalent friction velocity (u*), the logarithmic wind speed profile may be used to yield 
the following equation: 
 
 u* = 0.053 u10

+ (4) 
 
where, 
 u* = friction velocity (m/s) 
 u = fastest mile of reference anemometer for period between disturbances (m/s)  +

10
 

This assumes a typical roughness height of 0.5 cm for open terrain.  Equation 4 is 
restricted to large relatively flat exposed areas with little penetration into the surface wind 
layer. 
 
8.3  Emission Estimation:  Alternate Methodology 
 
8.3.1  Wind Blown Dust from Open Areas 
 

MacDougall (2002)11 developed a method for estimating fugitive dust emissions 
from wind erosion of vacant lan.  This method, which relies heavily on emission factors 
developed for different vacant land parcels using wind tunnels, has been approved by 
EPA Region IX for Clark County, Nevada’s PM10 SIP.  The availability of wind tunnel 
results for the types of vacant land being assessed must be considered when deciding to 
use this method for other applications.  It should be pointed out that in 2003 Environ 
(under contract to the Western Governors’ Association) abandoned this approach due to 
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the paucity of sufficient wind tunnel data for many different vacant land parcels in the 
western U.S. (Mansell, et. al., 2004).12  Also, the WRAP’s fugitive dust expert panel had 
major reservations regarding the MacDougall method (Countess Environmental, 2002).13  
Panel members were skeptical about using the proposed methodology since wind tunnels 
have shortcomings and do not represent actual conditions in nature.  The panel concluded 
that determining emission factors in the manner proposed will result in significant 
underestimation of windblown dust for those cases where saltation plays a role. 
 

The six steps described in the MacDougall method are summarized below. 
 

Step 1:  Categorizing Vacant Land.  Vacant land within the study area must be 
categorized based upon the potential of the parcels to emit fugitive dust during wind 
events.  Many wind tunnel studies have been conducted in the western United States, and 
the vacant land descriptions of the wind tunnel test areas should be used to categorize the 
vacant land within the study area.  When categorizing vacant land, it is especially 
important whether the land has vegetation, rocks or other sheltering elements, whether 
the soil crust is intact or disturbed, and whether there are periodic activities on the vacant 
land such as vehicles or plowing that will change the land from fairly stable to unstable.  
Not every parcel of vacant land will necessarily fit into a category that has been wind 
tunnel tested.  For parcels without a specific vacant land type wind tunnel test, 
assumptions will need to be made of the best representative land type and uncertainties 
noted. 
 

Step 2:  Identify Wind Tunnel Emission Factors.  Based upon the vacant land 
categorization, wind tunnel results should be reviewed and applied appropriately to each 
category of vacant land.  Wind tunnel results should be reviewed to determine if “spikes” 
from the initial portion of the test are presented separately or averaged into an hourly 
factor.  Whenever possible, spikes should not be included in an hourly factor.  The spike 
values should be included only at the beginning of each wind event. 
 

Step 3:  Develop Meteorological Data Set.  For the area to be studied, hourly average 
wind speeds, rainfall, and if available peak wind gust data should be gathered.  If a study 
area is particularly large, several different meteorological data sets may need to be 
gathered, and each land parcel matched with the meteorological data that impacts that 
parcel. 
 

Step 4:  Determine Land Type Reservoirs, Threshold Wind Velocities, Wind Events, 
and Rainfall Events.  Based upon the wind tunnel results for each vacant land type, the 
wind speed when emissions were first measured for the vacant land type, should be set as 
the threshold wind speed.  Most vacant land does not have an endless reservoir of fugitive 
dust; however, land that has a high degree of disturbance will continue to emit throughout 
a wind event.  Therefore, for each vacant land type, the wind tunnel results should be 
reviewed and a determination made on the length of time the parcel will emit for a give 
wind event.  It is recommended that an assumption be made that parcels with sheltering 
elements, vegetated parcels, or parcels with a soil crust will only emit during the first 
hour of a wind event.  Parcels with a relatively high silt component or with frequent 
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disturbance will probably continue to emit throughout a wind event.  Because most 
threshold wind speeds are relatively high (i.e., sustained hourly winds of 25 to 30 mph), a 
wind event may be defined as any time period when winds reach the threshold wind 
velocities separated by at least 24 hours before a new wind event is defined.  Depending 
on the soils in an area, rain may have a large impact on wind erosion.  Days with rain 
should not be included in the inventory. 
 

Step 5:  Develop Emission Inventory Specific Emission Factors.  Using the reservoir 
determination, threshold wind speeds, wind event determination and rainfall factors, 
determine hours when wind conditions produced emissions from each vacant land parcel 
for the time period of the emission inventory.  The number of hours with wind speeds in 
each wind speed category should be totaled.  The number of hours can then be multiplied 
by the wind tunnel emission factor and a total emission factor for the time period of the 
inventory can be calculated.  The emission factor equations for vacant land with and 
without sustained emissions are given as follows: 
 
(a)  With sustained emissions:  EF1 = (∑ (H P)) 
 
where, EF1 = PM10 emission factor (lb/acre) 
 H = hours when wind conditions result in emissions 
 P = emission factor for a given vacant land category (lb/hour-acre) 
 
(b)  Without sustained emissions: EF1 = (∑ (W P)) 
 
where, EF1 = PM10 emission factor (lb/acre) 
 W = number of wind events when wind conditions result in emissions 
 P = emission factor for a given vacant land category (lb/acre) 
 

The emission factor equation for spike emissions is given as: 
 

EF2 = (∑ (E S)) 
 

where, EF2 = spike PM10 emission factor (lb/acre) 
 E = number of events producing spike emissions 
 S = spike mass for a given vacant land category (lb/acre) 
 

Emission factors will vary from time period to time period and from vacant land type 
to vacant land type.  Generally speaking, disturbed lands will have unlimited reservoirs 
and lower threshold wind velocities leading to much higher emissions than stable or 
sheltered parcels with one hour reservoirs.  An emission factor should be developed for 
each vacant land category in the inventory. 
 

Step 6:  Apply Emission Inventory Specific Emission Factors to Vacant Land 
Categories.  Once emission inventory emission factors have been developed, the number 
of acres in each category should be multiplied by the factor and the emissions totaled.  It 
may be useful to develop certain factors over shorter time periods and then total the 
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emissions over a longer time period.  For example, one may want to develop winter 
factors and summer factors and then total them together for the annual inventory.  For 
large areas, where vacant land categories will change over the duration of an inventory or 
different meteorological data sets will apply, it is advisable to subdivide the inventory by 
time period or area, and then total the inventory at the end.  Annual emissions for each 
vacant land category are calculated as follows: 
 

E = A (EF1 + EF2) 
 
where, E = annual emissions for a given vacant land category 
 A = vacant land category acreage 
 EF1 = annual emission factor for a given vacant land category 
 EF2 = spike emission factor for a given vacant land category 
 

Several alternative emission estimation methods for open area wind erosion have 
been developed that are still in the developmental stage and have not yet been approved 
by federal or state agencies.  These methods are discussed in Appendix B.  Because these 
methods have not been peer-reviewed, the reader is cautioned in the use of the emission 
factors included in these methods.   
 
8.4  Demonstrated Control Techniques 
 

Control measures for open area wind erosion are designed to stabilize the exposed 
surface (e.g., by armoring it with a less erodible cover material) or to shield it from the 
ambient wind.  Table 8-3 presents a summary of control measures and reported control 
efficiencies for open area wind erosion. 
 

Table 8-3.  Control Efficiencies for Control Measures  
for Open Area Wind Erosion 

Control measure 
Source 

Component 

PM10 
Control 

Efficiency References/comments 

Apply dust 
suppressants to 
stabilize disturbed 
area after 
cessation of 
disturbance  

Disturbed 
areas 

84% CARB, April 2002.   

Apply gravel to 
stabilize disturbed 
open areas 

Disturbed 
areas 

84% CARB, April 2002.  Estimated to be as effective as 
chemical dust suppressants. 

 
8.5  Regulatory Formats 
 

Fugitive dust control options have been embedded in many regulations for state and 
local agencies in the WRAP region.  Regulatory formats specify the threshold source size 
that triggers the need for control application.  Example regulatory formats for several 
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local air quality agencies in the WRAP region are presented in Table 8-4.  The website 
addresses for obtaining information on fugitive dust regulations for local air quality 
districts within California, for Clark County, NV, and for Maricopa County, AZ, are as 
follows: 

• Districts within California:  www.arb.ca.gov/drdb/drdb.htm 
• Clark County, NV:  www.co.clark.nv.us/air_quality/regs.htm 
• Maricopa County, AZ:  www.maricopa.gov/envsvc/air/ruledesc.asp 
 

8.6  Compliance Tools 
 

Compliance tools assure that the regulatory requirements, including application of 
dust controls, are being followed.  Three major categories of compliance tools are 
discussed below. 
 

Record keeping:  A compliance plan is typically specified in local air quality rules 
and mandates record keeping of source operation and compliance activities by the source 
owner/operator.  The plan includes a description of how a source proposes to comply 
with all applicable requirements, log sheets for daily dust control, and schedules for 
compliance activities and submittal of progress reports to the air quality agency.  The 
purpose of a compliance plan is to provide a consistent reasonable process for 
documenting air quality violations, notifying alleged violators, and initiating enforcement 
action to ensure that violations are addressed in a timely and appropriate manner. 
 

Site inspection:  This activity includes (1) review of compliance records, 
(2) proximate inspections (sampling and analysis of source material), and (3) general 
observations.  An inspector can use photography to document compliance with an air 
quality regulation. 

 
 

On-site monitoring:  EPA has stated that “An enforceable regulation must also 
contain test procedures in order to determine whether sources are in compliance.”  
Monitoring can include observation of visible plume opacity, surface testing for crust 
strength and moisture content, and other means for assuring that specified controls are in 
place. 
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Table 8-4.  Example Regulatory Formats for Open Area Wind Erosion 
CAPCOA Clark County, NV Maricopa County, AZ

Control Measure Goal Threshold Agency Control measure Goal Threshold Agency Control measure Goal Threshold Agency 
Requires ceasing 
all active ops and 
applying water 15 
minutes prior to 
moving soil.  
Requires for 
unpaved roads 
applying chemical 
stabilizers prior to 
wind event, 
applying water 
twice per hour 
during active 
operations, and 
stopping all 
vehicular traffic 

  SCAQMD
Rule 403 

12/11/1998 

 Use of one of following 
for dust control on all 
disturbed soil to 
maintain in damp 
condition:  soil crusted 
over by watering or 
other, or graveling or 
treated with dust 
suppressant 

Prevent 
visible 
fugitive 
dust from 
exceeding 
20% 
opacity, 
and 
prevent 
dust 
plume 
from 
extending 
more than 
100 yd 

 Clark
County 
Sect. 94 

Air Quality 
Reg. 

06/22/2000 

 Watering, fencing, 
paving, graveling, 
dust suppressant, 
vegetative cover, 
restrict vehicular 
access 

Maintain 
soil 
moisture 
content 
min 12%; 
or 70% 
min of 
optimum 
soil 
moisture 
content; 
reduce 
windblown 
emissions 

Constr sites; 
fences 3ft-5ft, 
adjacent to 
roadways/urban 
areas;  

Maricopa 
County      

Rule 310 
04/07/2004 

               

Requires 
application of water 
or chemical 
stabilizers prior to 
wind event 3 times 
a day (possible 
increase to 4 times 
a day if evidence of 
wind driven dust), 
or establish a 
vegetative cover 
within 21 days after 
active operations 
have ceased to 
maintain a 
stabilized surface 
for 6 months 

  For 
operations 
that remain 
inactive for 
not more 
than 4 
consecutive 
days 

SCAQMD 
Rule 403 

12/11/1998 

Particulate emissions 
must immediately 
cease 

  In the event
that wind 
conditions 
occur that 
cause 
fugitive dust 
emissions to 
exceed 20% 
opacity in 
spite of the 
use of Best 
Available 
Control 
Measures 
(BACM) 

Clark 
County 
Sect. 94 

Air Quality 
Reg. 

06/22/2000 

Cease ops (wind 
spd >/=25mph); 
applying dust 
suppressant 2x hr; 
watering and 
fencing (as above); 
for after work 
hours:  gravel, 
water 3x day 
(possibly 4) 

Reduce 
amt of 
windblown 
dust 
leaving 
site; 
maintain 
soil 
moisture 
content 
12% (as 
above) 

Windspd must 
be >/=25mph 
for 60 min avg; 
(see above); 
fencing must be 
3ft-5ft with 
</=50% 
porosity; 
watering for 
after work, 
holidays, wkds 
increase to 4x 
day during wind 
event 

Maricopa 
County      

Rule 310 
04/07/2004 

 
 

 



 
The following table summarizes the compliance tools that are applicable to open area 

wind erosion. 
 

Table 8-5.  Compliance Tools for Open Area Wind Erosion14 

Record keeping Site inspection/monitoring 
Soil stabilization methods; application 
frequencies, rates, and times for dust 
suppressants; establishment/ 
maintenance of wind breaks. 

Crust strength determination (e.g., drop 
ball test); observation of operation of 
dust suppression systems; inspection of 
heights and porosities of windbreaks. 
 

 
8.7  Sample Cost-Effectiveness Calculation 
 

This section is intended to demonstrate how to select a cost-effective control 
measure for fugitive dust originating from open area wind erosion.  A sample cost-
effectiveness calculation is presented below for a specific control measure (apply gravel) 
to illustrate the procedure.  The sample calculation includes the entire series of steps for 
estimating uncontrolled emissions (with correction parameters and source extent), 
controlled emissions, emission reductions, control costs, and control cost-effectiveness 
values for PM10 and PM2.5.  In selecting the most advantageous control measure for 
construction and demolition, the same procedure is used to evaluate each candidate 
control measure (utilizing the control measure specific control efficiency and cost data), 
and the control measure with the most favorable cost-effectiveness and feasibility 
characteristics is identified. 
 

Sample Calculation For Open Area Wind Erosion 
(Dirt Parking Lot) 

 
Step 1.  Determine source activity and control application parameters. 
 

Dirt parking lot:  size 100 m x 100 m 
Disturbance frequency per day 1 
Duration of exposure (months) 12 
Roughness height (cm) 0.5 
Threshold peak wind speed at height of 10 m (m/s) 10 
Threshold peak wind speed at height of 10 m (mph) 22 

 
Control Measure Apply gravel 
Control application/frequency Once per year 
Economic Life of Control System (yr) 5 
Control Efficiency 
 

Based on higher threshold 
friction velocity 

Reference Sierra Research, 200315

 
The field size is an assumed value, for illustration purposes.  Applying gravel has 
been chosen as the applied control measure.  The control efficiency is calculated 
from the AP-42 emission factor equation (see Step 4). 
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Step 2.  Calculate Emission Factor.  The PM2.5 and PM10 emission factors are 
obtained from AP-42. 
 

k—PM2.5 (dimensionless) 0.2 
k—PM10 (dimensionless) 0.5 
P—erosion potential (g/m2) P = 58 (u*-u*t)2 + 25 (u*-u*t) 
Threshold friction velocity u*t (m/s) = 
0.053 u+

10 0.53 
A—source area (m2) 10,000 

 
Step 3.  Calculate Uncontrolled PM Emissions.  The emission factors (given in 
Step 2) are applied to each day for which the peak wind exceeds the threshold 
velocity for wind erosion.  The following monthly climatic data are used for 
illustration purposes and are assumed to apply to each month of the year. 
 

Monthly erosion potential (P)#

Peak Wind 
(u+

10) u* P Day 
of Month mph m/s m/s g/m2

6 29 13.2 0.70 5.87 
7 30 13.6 0.72 6.97 
11 38 17.3 0.92 18.25 
22 25 11.4 0.60 2.11 
      Sum of P 33.20 

#-Assumed to apply to 12 months of the year. 
 
The monthly erosion potential is multiplied by 12 and then by the field size (under 
activity data) and then divided by 2,000 lb/ton and 454 g/lb to compute the 
annual emissions in tons per year, as follows: 
 

Annual emissions = (Emission Factor x Field Size)/2,000 
 

• Annual PM10 Emissions = 2.19 tons/yr 
• Annual PM2.5 Emissions = 0.88 tons/yr 

 
Step 4.  Calculate Controlled PM Emissions.  The controlled emissions are 
calculated by repeating the entire calculation sequence but with a new assumed 
threshold friction velocity of 0.7 m/sec for a gravel surface. 
 

Annual Controlled PM10 emissions = 0.13 tons/yr 
Annual Controlled PM2.5 emissions = 0.05 tons/yr 

 
Step 5.  Determine Annual Cost to Control PM Emissions. 
 

Capital costs ($) 4,000 
Operating/Maintenance costs ($) 8,000 
Overhead costs ($) 4,000 
Enforcement/Compliance costs ($) 300 
Annual Interest Rate  3% 
Capital Recovery Factor 0.22 
Total Cost ($) 16,300 
Annualized Cost ($/yr) 13,173 
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The Capital costs, the Operating/Maintenance costs, and the 
Enforcement/Compliance costs are default values determined from current 
sources (e.g., Sierra Research, 200315). 

 
The Overhead costs are typically one-half of the Operating/Maintenance costs. 
Overhead costs = $8,000/2 = $4,000. 

 
The Annual Interest Rate (AIR) is based on the most up to date information and 
sources. 

 
The Capital Recovery Factor (CRF) is figured by multiplying AIR by 1 plus AIR, 
raised to the exponent of the Economic life of the control system, and then 
dividing by 1 plus AIR to the Economic life minus 1, as follows: 

 
Capital Recovery Factor = AIR x (1+AIR) Economic life / (1+AIR)Economic life – 1 

 
Capital Recovery Factor = 3% x (1+ 3%)5 / (1+ 3%)5 – 1 = 0.22 

 
The Total Cost is the sum of the Capital costs, Operating/Maintenance costs, 
Overhead costs, and the Enforcement/Compliance costs: 

 
Total Cost = Capital costs + Operating/Maintenance costs + Overhead + 
Enforcement/Compliance costs 
 

Total Cost = 6,000 + 8,000 + 4.000 + 300 = $16,300 
 
The Annualized Cost is calculated by adding the product of the Capital Recovery 
Factor and the Capital costs to the Operating/Maintenance costs and the 
Overhead costs and the Enforcement/Compliance costs: 
 
Annualized Cost = (CRF x Capital costs) + Operating/Maintenance + Overhead 
costs + Enforcement/Compliance costs 
 

Annualized Cost = (0.22 x 4,000) + 8,000 + 4,000 + 500 = $13,173 
 

Step 6.  Calculate Cost-effectiveness.  Cost-effectiveness is calculated by 
dividing the annualized cost by the emissions reduction.  The emissions 
reduction is determined by subtracting the controlled emissions from the 
uncontrolled emissions:   

 
Cost-effectiveness = Annualized Cost/ (Uncontrolled emissions – 
Controlled emissions) 

 
Cost-effectiveness for PM10 emissions = $13,173/(2.19 - 0.13) = $6,400/ton 

Cost-effectiveness for PM2.5 emissions = $13,173/(0.88 - 0.05) = $15,900/ton 
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This section was adapted from Section 13.2.5 of EPA’s Compilation of Air 
Pollutant Emission Factors (AP-42).  Section 13.2.5 was last updated in 
January 1995. 

 
 

9.1  Characterization of Source Emissions 
 

Dust emissions may be generated by wind erosion of exposed aggregate storage piles 
within an industrial facility.  These sources typically are characterized by 
nonhomogeneous surfaces impregnated with nonerodible elements (particles larger than 
approximately 1 centimeter [cm] in diameter).  Field testing of coal piles and other 
exposed materials using a portable wind tunnel has shown that:  (a) threshold wind 
speeds exceed 5 meters per second (m/s) (11 miles per hour [mph]) at 15 cm above the 
surface or 10 m/s (22 mph) at 7 m above the surface, and (b) particulate emission rates 
tend to decay rapidly (half-life of a few minutes) during an erosion event.  In other words, 
these aggregate material surfaces are characterized by finite availability of erodible 
material (mass/area) referred to as the erosion potential.  Any natural crusting of the 
surface binds the erodible material, thereby reducing the erosion potential. 
 
9.2  Emission Estimation:  Primary Methodology1-10 

 
If typical values for threshold wind speed at 15 cm are corrected to typical wind 

sensor height (7 to 10 m), the resulting values exceed the upper extremes of hourly mean 
wind speeds observed in most areas of the country.  In other words, mean atmospheric 
wind speeds are not sufficient to sustain wind erosion from flat surfaces of the type 
tested.  However, wind gusts may quickly deplete a substantial portion of the erosion 
potential.  Because erosion potential has been found to increase rapidly with increasing 
wind speed, estimated emissions should be related to the gusts of highest magnitude.  The 
routinely measured meteorological variable that best reflects the magnitude of wind gusts 
is the fastest mile.  This quantity represents the wind speed corresponding to the whole 
mile of wind movement that has passed by the 1 mile contact anemometer in the least 
amount of time.  Daily measurements of the fastest mile are presented in the monthly 
Local Climatological Data (LCD) summaries.  The duration of the fastest mile, typically 
about 2 minutes (for a fastest mile of 30 mph), matches well with the half-life of the 
erosion process, which ranges between 1 and 4 minutes.  It should be noted, however, 
that peak winds can significantly exceed the daily fastest mile. 
 

The wind speed profile in the surface boundary layer is found to follow a logarithmic 
distribution, as follows: 
 
  ( 1 ) )z(z

z
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where, 
 u = wind speed (cm/s) 
 u* = friction velocity (cm/s) 
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 z = height above test surface (cm) 
 zo = roughness height (cm) 
 0.4 = von Karman’s constant (dimensionless) 
 

The friction velocity (u*) is a measure of wind shear stress on the erodible surface, as 
determined from the slope of the logarithmic velocity profile.  The roughness height (zo) 
is a measure of the roughness of the exposed surface as determined from the y intercept 
of the velocity profile, i.e., the height at which the wind speed is zero.  These parameters 
are illustrated in Figure 9-1 for a roughness height of 0.1 cm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9-1.  Illustration of Logarithmic Wind Velocity Profile 
 

Emissions generated by wind erosion are also dependent on the frequency of 
disturbance of the erodible surface because each time that a surface is disturbed, its 
erosion potential is restored.  A disturbance is defined as an action that results in the 
exposure of fresh surface material.  On a storage pile, this would occur whenever 
aggregate material is either added to or removed from the old surface.  A disturbance of 
an exposed area may also result from the turning of surface material to a depth exceeding 
the size of the largest pieces of material present. 
 

The emission factor for wind-generated particulate emissions from mixtures of 
erodible and nonerodible surface material subject to disturbance may be expressed in 
units of grams per square meter (g/m2) per year as follows: 
 
  ( 2 ) 
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where, 
 k = particle size multiplier 
 N = number of disturbances per year 
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 Pi = erosion potential corresponding to the observed (or probable) fastest mile 
of wind for the ith period between disturbances, g/m2

 
The particle size multiplier (k) for Equation 2 varies with aerodynamic particle size, 

as follows: 
 

Aerodynamic Particle Size Multiplier (k) for Equation 2 
PM30 PM15 PM10 PM2.5 

1.0 0.6 0.5 0.2 
 

This distribution of particle size within the under 30 micrometer (µm) fraction is 
comparable to the distributions reported for other fugitive dust sources where wind speed 
is a factor.  This is illustrated, for example, in the distributions for batch and continuous 
drop operations encompassing a number of test aggregate materials (see Chapter 4). 
 

In calculating emission factors, each area of an erodible surface that is subject to a 
different frequency of disturbance should be treated separately.  For a surface disturbed 
daily, N = 365 per year, and for a surface disturbance once every 6 months, N = 2 per 
year.  The erosion potential function for a dry, exposed surface is given as: 
 
 P = 58 (u* - ut*)2 + 25 (u* - ut*) ( 3 ) 
 
 P = 0 for u* ≤ ut* 
 
where, 
 u* = friction velocity (m/s) 
 ut = threshold friction velocity (m/s) 

 
Because of the nonlinear form of the erosion potential function, each erosion event 

must be treated separately. 
 

Equations 2 and 3 apply only to dry, exposed materials with limited erosion 
potential.  The resulting calculation is valid only for a time period as long or longer than 
the period between disturbances.  Calculated emissions represent intermittent events and 
should not be input directly into dispersion models that assume steady-state emission 
rates.  For uncrusted surfaces, the threshold friction velocity is best estimated from the 
dry aggregate structure of the soil.  A simple hand sieving test of surface soil can be used 
to determine the mode of the surface aggregate size distribution by inspection of relative 
sieve catch amounts, following the procedure described below. 
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FIELD PROCEDURE FOR DETERMINING THRESHOLD FRICTION VELOCITY 
(from a 1952 laboratory procedure published by W. S. Chepil5) 

 
Step 1. Prepare a nest of sieves with the following openings: 4 mm, 2 mm, 1 mm, 

0.5 mm, and 0.25 mm.  Place a collector pan below the bottom (0.25 mm) 
sieve. 

Step 2. Collect a sample representing the surface layer of loose particles 
(approximately 1 cm in depth, for an encrusted surface), removing any rocks 
larger than about 1 cm in average physical diameter.  The area to be sampled 
should be not less than 30 cm by 30 cm. 

Step 3. Pour the sample into the top sieve (4-mm opening), and place a lid on the 
top. 

Step 4. Move the covered sieve/pan unit by hand, using a broad circular arm motion 
in the horizontal plane.  Complete 20 circular movements at a speed just 
necessary to achieve some relative horizontal motion between the sieve and 
the particles. 

Step 5. Inspect the relative quantities of catch within each sieve, and determine 
where the mode in the aggregate size distribution lies, i.e., between the 
opening size of the sieve with the largest catch and the opening size of the 
next largest sieve. 

Step 6. Determine the threshold friction velocity from Table 9-1. 
 

The results of the sieving can be interpreted using Table 9-1.  Alternatively, the 
threshold friction velocity for erosion can be determined from the mode of the aggregate 
size distribution using the graphical relationship described by Gillette.5-6  If the surface 
material contains nonerodible elements that are too large to include in the sieving (i.e., 
greater than about 1 cm in diameter), the effect of the elements must be taken into 
account by increasing the threshold friction velocity.10  
 

Table 9-1.  Field Procedure for Determination of  
Threshold Friction Velocity (Metric Units) 

Tyler Sieve No. Opening (mm) Midpoint (mm) ut* (cm/s) 
5 4   

9 2 3 100 

16 1 1.5 76 

32 0.5 0.75 58 

60 0.25 0.375 43 

 
Threshold friction velocities for several surface types have been determined by field 

measurements with a portable wind tunnel.  These values are presented in Table 9-2. 
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Table 9-2.  Threshold Friction Velocities (Metric Units) 
Threshold wind velocity at

10 m (m/s) 
Material 

Threshold  
friction  

velocity (m/s) 
Roughness
height (cm) zo = Actual zo = 0.5 cm 

Overburdena 1.02 0.3 21 19 

Scoria (roadbed material)a 1.33 0.3 27 25 

Ground coal (surrounding coal pile)a 0.55 0.01 16 10 

Uncrusted coal pilea 1.12 0.3 23 21 

Scraper tracks on coal pilea,b 0.62 0.06 15 12 

Fine coal dust on concrete padc 0.54 0.2 11 10 
a  Western surface coal mine.  Reference 2. 
b  Lightly crusted. 
c  Eastern power plant.  Reference 3. 
 

The fastest mile of wind for the periods between disturbances may be obtained from 
the monthly LCD summaries for the nearest reporting weather station that is 
representative of the site in question.7  These summaries report actual fastest mile values 
for each day of a given month.  Because the erosion potential is a highly nonlinear 
function of the fastest mile, mean values of the fastest mile are inappropriate.  The 
anemometer heights of reporting weather stations are found in Reference 8, and should be 
corrected to a 10-m reference height using Equation 1.  To convert the fastest mile of 
wind (u+) from a reference anemometer height of 10 m to the equivalent friction velocity 
(u*), the logarithmic wind speed profile may be used to yield the following equation: 
 
 u* = 0.053 u10

+ ( 4 ) 
 
where, 
 u* = friction velocity (m/s) 
 u = fastest mile of reference anemometer for period between disturbances (m/s)  +

10
 

This assumes a typical roughness height of 0.5 cm for open terrain.  Equation 4 is 
restricted to large relatively flat piles or exposed areas with little penetration into the 
surface wind layer. 
 

If the pile significantly penetrates the surface wind layer (i.e., with a height-to-base 
ratio exceeding 0.2), it is necessary to divide the pile area into subareas representing 
different degrees of exposure to wind.  The results of physical modeling show that the 
frontal face of an elevated pile is exposed to wind speeds of the same order as the 
approach wind speed at the top of the pile. 
 

For two representative pile shapes (conical and oval with flattop, 37-degree side 
slope), the ratios of surface wind speed (us) to approach wind speed (ur) have been 
derived from wind tunnel studies.9  The results are shown in Figure 9-2 corresponding to 
an actual pile height of 11 m, a reference (upwind) anemometer height of 10 m, and a pile 
surface roughness height (zo) of 0.5 cm.  The measured surface winds correspond to a 
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height of 25 cm above the surface.  The area fraction within each contour pair is specified 
in Table 9-3. 
 

Table 9-3.  Subarea Distribution for Regimes of us/ur
Percent of pile surface area 

Pile subarea Pile A Pile B1 Pile B2 Pile B3 
0.2a 5 5 3 3 
0.2b 35 2 28 25 
0.2c NA 29 NA NA 
0.6a 48 26 29 28 
0.6b NA 24 22 26 
0.9 12 14 15 14 
1.1 NA NA 3 4 

NA = not applicable. 
 

The profiles of us/ur in Figure 9-2 can be used to estimate the surface friction 
velocity distribution around similarly shaped piles, using the following procedure: 
 

Step 1. Correct the fastest mile value (u+) for the period of interest from the 
anemometer height (z) to a reference height of 10 m (u ) using a variation 
of Equation 1: 

+
10

 
  ( 5 ) 

(z/0.005)ln
(10/0.005)lnuu10

++ =
 
 

where a typical roughness height (zo) of 0.5 cm (0.005 m) has been 
assumed.  If a site-specific roughness height is available, it should be used. 

 
Step 2. Use the appropriate part of Figure 9-2 based on the pile shape and 

orientation to the fastest mile of wind, to obtain the corresponding surface 
wind speed distribution (u  ): +

s
 
  ( 6 ) ++ = 10

r

s
s u

u
)(uu 

 
Step 3. For any subarea of the pile surface having a narrow range of surface wind 

speed, use a variation of Equation 1 to calculate the equivalent friction 
velocity (u*): 

 
u* = (0.4 u+

s) / ln (25 / 0.5) = 0.10 u+
s     ( 7 ) 
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Figure 9-2.  Contours of Normalized Surface Windspeed Ratios, us/ur
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From this point on, the procedure is identical to that used for a flat pile, as described 
above.  Implementation of the above procedure is carried out in the following steps: 

 
Step 1. Determine threshold friction velocity for erodible material of interest (see 

Table 9-2 or determine from mode of aggregate size distribution). 

Step 2. Divide the exposed surface area into subareas of constant frequency of 
disturbance (N). 

Step 3. Tabulate fastest mile values (u+) for each frequency of disturbance and 
correct them to 10 m (u ) using Equation 5. +

10

Step 4. Convert fastest mile values (u10) to equivalent friction velocities (u*), taking 
into account (a) the uniform wind exposure of nonelevated surfaces, using 
Equation 4, or (b) the nonuniform wind exposure of elevated surfaces 
(piles), using Equations 6 and 7. 

Step 5. For elevated surfaces (piles), subdivide areas of constant N into subareas of 
constant u* (i.e., within the isopleth values of us/ur in Figure 9-2 and 
Table 9-3) and determine the size of each subarea. 

Step 6. Treating each subarea (of constant N and u*) as a separate source, calculate 
the erosion potential (Pi) for each period between disturbances using 
Equation 3 and the emission factor using Equation 2. 

Step 7. Multiply the resulting emission factor for each subarea by the size of the 
subarea, and add the emission contributions of all subareas.  Note that the 
highest 24-hour emissions would be expected to occur on the windiest day 
of the year.  Maximum emissions are calculated assuming a single event 
with the highest fastest mile value for the annual period. 

 
The recommended emission factor equation presented above assumes that all of the 

erosion potential corresponding to the fastest mile of wind is lost during the period 
between disturbances.  Because the fastest mile event typically lasts only about 
2 minutes, which corresponds roughly to the half-life for the decay of actual erosion 
potential, it could be argued that the emission factor overestimates particulate emissions.  
However, there are other aspects of the wind erosion process that offset this apparent 
conservatism as follows: 
 

1. The fastest mile event contains peak winds that substantially exceed the mean 
value for the event.   

2. Whenever the fastest mile event occurs, there are usually a number of periods of 
slightly lower mean wind speed that contain peak gusts of the same order as the 
fastest mile wind speed. 

 
Of greater concern is the likelihood of over prediction of wind erosion emissions in 

the case of surfaces disturbed infrequently in comparison to the rate of crust formation. 
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The reader is referred to Appendix B for a discussion of a total suspended particulate 
(TSP) emission factor developed in 1989 for the USEPA for wind erosion of active 
storage piles.  It should be pointed out that this emission factor is not included in the 
current version of AP-42. 
 
9.3  Demonstrated Control Techniques 
 

Control measures for storage pile wind erosion are designed to stabilize the erodible 
surface (e.g., by increasing the moisture content of the aggregate material being stored) or 
to shield it from the ambient wind.  Table 9-4 presents a summary of control measures 
and reported control efficiencies for storage pile wind erosion. 
 

Table 9-4.  Control Efficiencies for Control Measures  
for Storage Pile Wind Erosion11, 12 

Control measure 

PM10 
control 

efficiency References/comments 
Require construction 
of 3-sided enclosures 
with 50% porosity 

75% Sierra Research, 2003.  Determined through modeling of 
open area windblown emissions with 50% reduction in wind 
speed and assuming no emission reduction when winds 
approach open side  

Water the storage pile 
by hand or apply cover 
when wind events are 
declared 

90% Fitz et al., April 2000. 

 
9.4  Regulatory Formats 
 

Fugitive dust control options have been embedded in many regulations for state and 
local agencies in the WRAP region.  Regulatory formats specify the threshold source size 
that triggers the need for control application.  Example regulatory formats for several 
local air quality agencies in the WRAP region are presented in Table 9-5.  The website 
addresses for obtaining information on fugitive dust regulations for local air quality 
districts within California, for Clark County, NV, and for Maricopa County, AZ, are as 
follows: 

• Districts within California:  www.arb.ca.gov/drdb/drdb.htm 
• Clark County, NV:  www.co.clark.nv.us/air_quality/regs.htm 
• Maricopa County, AZ:  http://www.maricopa.gov/envsvc/air/ruledesc.asp 

(Note:  The Clark County website did not include regulatory language specific to storage 
pile wind erosion at the time this chapter was written.) 
 
9.5  Compliance Tools 
 

Compliance tools assure that the regulatory requirements, including application of 
dust controls, are being followed.  Three major categories of compliance tools are 
discussed below. 
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Table 9-5.  Example Regulatory Formats for Materials Handling 
CAPCOA Maricopa County, AZ 

Control Measure Goal Threshold Agency Control Measure Goal Threshold Agency 
           
Establishes wind barrier and watering 
or stabilization requirements and bulk 
materials must be stored according to 
stabilization definition and outdoor 
materials covered 

Limit visible dust 
emissions to 20% opacity 

 SJVAPCD
Rule 8031 
11/15/2001 

 Watering, dust suppressant 
(when loading, stacking, 
etc.); cover with tarp, 
watering (when not loading, 
etc.); wind barriers, silos, 
enclosures, etc. 

Limit VDE to 20% 
opacity; stabilize 
soil 

For storage piles with 
>5% silt content, 3ft 
high, >/=150 sq ft; work 
pracs for stacking, 
loading, unloading, and 
when inactive; soil 
moisture content min 
12%; or at least 70% 
min for optimum soil 
moisture content; 3 
sided enclosures, at 
least equal to pile in 
length, same for ht, 
porosity </=50% 

Maricopa County    
Rule 310 
04/07/2004 

          
Best available control measures:  wind 
sheltering, watering, chemical 
stabilizers, altering load-in/load-out 
procedures, or coverings 

Prohibits visible dust 
emissions beyond 
property line and limits 
upwind/downwind PM10 
differential to 50 ug/m3 

  SCAQMD
Rule 403 

12/11/1998 

      

          
    Watering, clean debris from 

paved roads and other 
surface after demolition 

Stabilize 
demolition debris 
and surrounding 
area; establish 
crust and prevent 
wind erosion 

Immediately water and 
clean-up after 
demolition 

Maricopa County    
Rule 310 
04/07/2004 

           
Additional bulk material control 
requirements for Coachella Valley 

Control bulk material 
emissions 

Coachella Valley SCAQMD 
Rule 403.1 
1/15/1993 

Utilization of dust 
suppressants other than 
water when necessary; 
prewater; empty loader 
bucket slowly 

Prevent wind 
erosion from 
piles; stabilize 
condition where 
equip and 
vehicles op 

Bulk material handling 
for stacking, loading, 
and unloading; for haul 
trucks and areas where 
equipment op 

Maricopa County    
Rule 310 
04/07/2004 

 

 



Record keeping:  A compliance plan is typically specified in local air quality rules and 
mandates record keeping of source operation and compliance activities by the source 
owner/operator.  The plan includes a description of how a source proposes to comply 
with all applicable requirements, log sheets for daily dust control, and schedules for 
compliance activities and submittal of progress reports to the air quality agency.  The 
purpose of a compliance plan is to provide a consistent reasonable process for 
documenting air quality violations, notifying alleged violators, and initiating enforcement 
action to ensure that violations are addressed in a timely and appropriate manner. 
 

Site inspection:  This activity includes (1) review of compliance records, 
(2) proximate inspections (sampling and analysis of source material), and (3) general 
observations.  An inspector can use photography to document compliance with an air 
quality regulation. 
 

On-site monitoring:  EPA has stated that “An enforceable regulation must also 
contain test procedures in order to determine whether sources are in compliance.”  
Monitoring can include observation of visible plume opacity, surface testing for crust 
strength and moisture content, and other means for assuring that specified controls are in 
place. 
 

Table 9-6 summarizes the compliance tools that are applicable to wind erosion from 
material storage piles. 
 

Table 9-6.  Compliance Tools for Wind Erosion From Material Storage Piles 
Record keeping Site inspection/monitoring 

Site map; work practices, including pile 
formation and removal times (throughputs); 
locations, sizes, and shapes of storage piles; 
moisture and silt contents of pile surface 
material; location/heights/densities of 
vegetation or other wind breaks, including 
maintenance times; dust suppression 
equipment and maintenance records; 
frequencies, amounts, times, and rates of 
watering or dust suppressant application; 
meteorological log. 

Sampling and analysis of storage pile surface 
material for silt and moisture contents; 
observation of pile formation and removal, 
including wet suppression systems; observation 
of vehicle/ equipment operation and disturbance 
areas; inspection of wind sheltering including 
enclosures; real-time portable monitoring of PM; 
observation of dust plume opacity exceeding a 
standard. 

 
9.6  Sample Cost-Effectiveness Calculation 
 

This section is intended to demonstrate how to select a cost-effective control 
measure for fugitive dust originating from storage pile wind erosion.  A sample cost-
effectiveness calculation is presented below for a specific control measure (3-sided 
enclosure) to illustrate the procedure.  The sample calculation includes the entire series of 
steps for estimating uncontrolled emissions (with correction parameters and source 
extent), controlled emissions, emission reductions, control costs, and control cost-
effectiveness values for PM10 and PM2.5.  In selecting the most advantageous control 
measure for construction and demolition, the same procedure is used to evaluate each 
candidate control measure (utilizing the control measure specific control efficiency and 
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cost data), and the control measure with the most favorable cost-effectiveness and 
feasibility characteristics is identified. 

 
 

Sample Calculation for Storage Pile Wind Erosion 
 
Step 1.  Determine source activity and control application parameters.   
 

Frequency of disturbance (days/yr) 365 
Height of pile (m) 11 
Base diameter (m) 29.2 
Total surface area (m2) 838 
Portion of pile exposed to high winds (%) 12 
Surface area exposed to high winds (m2) 101 
Threshold friction velocity u*t (m/s) = 0.1 u+

s 0.85 
 

Control Measure 3-sided enclosure 
Economic Life of Control System (yr) 10 
Control Efficiency 74.7% 
Reference Sierra Research, 200311

 
The pile size is assumed, for illustration purposes.  A 3-sided enclosure has been 
chosen as the applied control measure.  The control efficiency is provided by 
Sierra Research 200311. 
 
The pile surface area within each surface wind speed range (see AP-42, 
Section 13.2.5) is as follows: 
 

Surface areas within each wind speed range 
Pile surface 

Area ID us / ur % Area (m2) 
A 0.9 12 101 
B 0.6 48 402 
C 0.2 40 335 
    Total 838 

 
Step 2.  Calculate Emission Factor.  The PM2.5 and PM10 emission factors are 
obtained from AP-42. 
 

Emission Factor Equation E=k∑P 
 

k—PM2.5 (dimensionless) 0.2 
k—PM10 (dimensionless) 0.5 
P—erosion potential (g/m2) P=58 (u*-u*t)2 + 25 (u*-u*t) 

 
Step 3.  Calculate Uncontrolled PM Emissions.  The emission factor (given in 
Step 2) is applied to each day for which the peak wind exceeds the threshold 
velocity for wind erosion.  The following monthly climatic data are used for 
illustration purposes and are assumed to apply to each month of the year. 
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Monthly erosion potential (P) 
Peak wind (u+

10) u+
s (m/s)Day 

of month mph m/s us / ur: 0.2 us / ur: 0.6 us / ur: 0.9 
6 29 13.2 2.64 7.91 11.86 
7 30 13.6 2.73 8.18 12.27 

11 38 17.3 3.45 10.36 15.55 
22 25 11.4 2.27 6.82 10.23 
28 45 20.45 4.09 12.27 18.41 

 
Monthly erosion potential (P) 
u* (m/s) P (g/m2) Day 

of 
month 

us / ur: 
0.2 

us / ur: 
0.6 

us / ur: 
0.9 

us / ur: 
0.2 

us / ur: 
0.6 

us / ur: 
 0.9 

6 0.26 0.79 1.19 0 0 14.97 
7 0.27 0.82 1.23 0 0 17.69 

11 0.35 1.04 1.55 0 6.67 46.40 
22 0.23 0.68 1.02 0 0 6.05 
28 0.41 1.23 1.84 0 17.69 81.72 

    Sum of P 0 24 167 
   Emissions per month 0 9,793.02 16,850.23  

 
The monthly erosion potential is multiplied by 12 and then by the field size (under 
activity data) and then divided by 2,000 lb/ton and 454 g/lb to compute the 
annual emissions in tons per year, as follows: 
 

Annual emissions = (Emission Factor x Field Size)/(2,000 x 454) 
 

• Annual PM10 Emissions = 0.18 tons/yr 
• Annual PM2.5 Emissions = 0.07 tons/yr 

 
Step 4.  Calculate Controlled PM Emissions.  The uncontrolled emissions are 
determined from the uncontrolled emissions and the control efficiency.  For this 
example we have selected a 3-sided enclosure as our control measure.  Based 
on a control efficiency estimate of 74.7% for the enclosure, the annual controlled 
emissions are calculated to be:  
 
Annual Controlled PM10 emissions = (0.18 tons/yr) x (1 – 0.747) = 0.045 tons/yr 
Annual Controlled PM2.5 emissions = (0.07 tons/yr) x (1 – 0.747) = 0.018 tons/yr 
 
Step 5.  Determine Annual Cost to Control PM Emissions.   
 

Capital costs ($) 1,000 
Operating/Maintenance costs ($) 600 
Overhead costs ($) 300 
Enforcement/Compliance costs ($) 150 
Annual Interest Rate  3% 
Capital Recovery Factor 0.12 
Total Cost ($) 2,050 
Annualized Cost ($/yr) 1,167 

 
The Capital costs, the Operating/Maintenance costs, and the Enforcement/ 
Compliance costs are default values determined from current sources (e.g., 
Sierra Research, 200311). 
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The Overhead costs are typically one-half of the Operating/Maintenance costs. 
Overhead costs = $600/2 = $300. 

 
The Annual Interest Rate (AIR) is based on the most up to date information and 
sources. 
 
The Capital Recovery Factor (CRF) is figured by multiplying AIR by 1 plus AIR, 
raised to the exponent of the Economic life of the control system, and then 
dividing by 1 plus AIR to the Economic life minus 1, as follows: 
 

Capital Recovery Factor = AIR x (1 + AIR) Economic life / (1 + AIR)Economic life – 1 
 

Capital Recovery Factor = 3% x (1 + 3%)10 / (1 + 3%)10 – 1 = 0.12 
 
The Total Cost is the sum of the Capital costs, Operating/Maintenance costs, 
Overhead costs, and the Enforcement/Compliance costs: 
 

Total Cost = Capital costs + Operating/Maintenance costs + Overhead + 
Enforcement/Compliance costs 

 
Total Cost = 1,000 + 600 + 300 + 150 = $2,050 

 
The Annualized Cost is calculated by adding the product of the Capital Recovery 
Factor and the Capital costs to the Operating/Maintenance costs and the 
Overhead costs and the Enforcement/Compliance costs: 
 

Annualized Cost = (CRF x Capital costs) + Operating/Maintenance + 
Overhead costs + Enforcement/Compliance costs 

 
Annualized Cost = (0.12 x 1,000) + 600 + 300 + 150 = $1,167 

 
Step 6.  Calculate Cost Effectiveness.  Cost effectiveness is calculated by 
dividing the annualized cost by the emissions reduction.  The emissions 
reduction is determined by subtracting the controlled emissions from the 
uncontrolled emissions:   
 

Cost effectiveness = Annualized Cost/(Uncontrolled emissions – 
Controlled emissions) 

 
Cost effectiveness for PM10 emissions = $1,167 / (0.18 – 0.045) = $8,900/ton 

Cost effectiveness for PM2.5 emissions = $1,167 / (0.07 – 0.018) = $22,200/ton 
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 1 

GLOSSARY 
 
Areal extent—Fraction (or percentage) of the source area that is affected by the control 

measure. 
 
Aerodynamic particle size—Diameter of a sphere of unit density which behaves 

aerodynamically as a particle with different sizes, shapes, and densities. 
 
Aggregate material—Mineral particles, such as sand or stone, typically derived from a 

mechanical process. 
 
Agricultural tilling—Mechanical disturbance of agricultural soil by discing, shaping, 

chiseling, and leveling using a tractor or implement. 
 
Annual interest rate—The yearly cost of borrowing money, expressed as a percentage 

of the amount borrowed. 
 
Annualized cost of control—Average yearly costs of a control system including annual 

operating costs such as labor, materials, utilities and maintenance items, and 
annualized costs of the capital costs of purchase and installation.  Annualized costs 
are dependent on the interest rate paid on borrowed money or collectable by the 
plant as interest (if available capital is used), the useful life of the control equipment, 
and depreciation rates of the equipment. 

 
AP-42—Abbreviation for the U.S. EPA’s publication “Compilation of Air Pollutant 

Emission Factors.” 
 
BACM—Abbreviation for Best Available Control Measures—techniques that achieve 

the maximum degree of emissions reduction from a source, as determined on a case-
by-case basis considering technological and economic feasibility. 

 
Bare soil adjustment—Adjustment to windblown emissions for the planted acreage on 

which plants do not establish. 
 
Base year—Year for which the pre-control emissions inventory was performed. 
 
Baseline Emissions—Emissions (total or source) in the base year. 
 
Batch drop—Materials handling process involving free fall of aggregate, as from a 

bucket. 
 
Border adjustment—Adjustment to windblown emissions for the nonplanted regions of 

the acreage dedicated to a given crop that separate it from surrounding regions. 
 
CAPCOA—Acronym for California Air Pollution Control Officers’ Association. 
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Capital recovery factor—Amount of money per dollar of machinery investment 

required to pay annual interest costs on unrecovered investment and to recover the 
costs of the investment within a specified number of years at the given interest rate. 

 
Chemical wetting agent—Compound added to water in order to enhance the penetration 

of water into dusty material and prevent dust emissions. 
 
Clay—Cohesive soil with individual particles not visible to the unaided human eye (less 

than 0.002 mm in diameter).  Clay can be molded into a ball that will not crumble. 
 
Climatic factor “C,” annual—Parameter used to estimate the effects of climate on soil 

erodibility.  Garden City, Kansas is set to 1.0 and temperature, wind, and 
precipitation are used to adjust the factor.  

 
Climatic factor “C,” monthly—Parameter used to modify the annual “C” factor 

equation for a particular month of the year.  The U.S. EPA uses mean monthly wind 
speed in place of the annual wind speed.  The ARB methodology uses the month-as-
a-year method. 

 
Cloddiness—Level of relatively stable agglomerations in soil caused by exposure to 

water cohort (maturation class). 
 
Compliance tool—Means for checking whether a facility is meeting legal requirements 

for control of a pollutant.  Compliance tools include record keeping logs, databases, 
and site inspection methods.  

 
Continuous drop—Materials handling process involving continual release of aggregate, 

such as from a conveyor. 
 
Control application rate/frequency—Amount of pollutant suppressant applied over a 

particular area and the number of times per period that the suppressant is applied. 
 
Control efficiency—Degree (e.g., percentage) to which a control measure is effective in 

limiting the release of a pollutant. 
 
Control efficiency decay rate—Decrease in control efficiency for a control measure 

with a limited life span. 
 
Control extent—Fraction of emissions from a source category that will be affected by a 

control method. 
 
Control measure—Procedure or course of action taken to reduce air pollution.  

Preventive measures reduce source extent or incorporate process modifications or 
adjust work practices to reduce the amount of pollutants.  Mitigative measures 
involve the periodic removal of pollutant causing materials, such as the cleanup of 
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spillage on travel surfaces and cleanup of material spillage at conveyor transfer 
points. 

 
Controlled emissions—Estimated emissions (total or by source category) after 

application of control measures, i.e., remaining emissions. 
 
Cost effectiveness— Control cost divided by the mass of emissions reduced (most 

typically expressed in terms of “dollars per ton”). 
 
Crop calendar—Temporal distribution of agricultural activities (e.g., planting and 

harvesting dates). 
 
Crop canopy cover factor—Adjustment to windblown emissions based on the crop 

canopy cover. 
 
Crop canopy cover—Fraction of land sheltered by vegetation, as viewed directly from 

above. 
 
Crust—The hard outer surface of soil (or other dust producing material) that inhibits the 

wind erosion of underlying fine particles. 
 
Cut and fill—The activities of earthmoving equipment where soil or rock is removed 

from one area (cut) and deposited elsewhere on shallow ground (fill). 
 
De Minimis source—Facility or operation with emissions that are below a certain 

threshold, classifying them as insignificant sources of emissions; refer to 40 CFR, 
Part 52 for more details. 

 
Demonstrated control technique—A control measure that is supported by verifiable 

tests as to the control efficiency the measure will achieve. 
 
Deposition—Accumulation of airborne particles on ground-level surfaces through 

gravitational settling and other physical phenomena. 
 
Disturbance—Destabilization of a land surface from its undisturbed natural condition 

thereby increasing the potential for fugitive dust emissions. 
 
Dunes—Ridges or mounds of loose, wind-blown material, usually sand. 
 
Dust—Fine, dry particles of matter able to be suspended in the air. 
 
Dust Control Plan—Legally mandated plan for a geographical area or dust-producing 

operation that identifies how emissions will be controlled to attain the requirements 
of the Clean Air Act and Amendments. 
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Dust suppressants—Water, hygroscopic materials, solution of water and chemical 
surfactant, foam, or non-toxic chemical/ organic stabilizers not prohibited for use by 
the U.S. Environmental Protection Agency or any applicable law, rule or regulation, 
as a treatment material to reduce fugitive dust emissions. 

 
Economic Life—Length of time during which a product or piece of property may be put 

to profitable use.  (Usually less than its physical life) 
 
Emission activity level—A numerical measure of the intensity of a process that emits 

pollutants (e.g., miles traveled by a vehicle, tons of transferred material).  Also 
referred to as source extent or process rate. 

 
Emission factor—A representative value that relates the quantity of a pollutant released 

to the atmosphere with an activity associated with the release of that pollutant.  
These factors are usually expressed as the weight of pollutant divided by a unit 
weight, volume, distance, or duration of the activity emitting the pollutant. 

 
Emission parameters—Values that affect pollutant emissions, such as moisture level 

and silt content of the emitting material. 
 
Emission reduction—Amount (mass or percent) of emissions eliminated by control 

application. 
 
Enforcement/Compliance costs—Expenses associated with enforcing control measures, 

including government agency and source facility expenditures. 
 
Erosion potential—Value representing the potential for suspension of surface dust by 

wind erosion.  Depending on the presence of a surface crust or surface disturbance, 
particle size distribution, and moisture content, a site is characterized as having 1) 
unlimited erosion potential, 2) limited erosion potential, or 3) no erosion potential. 

 
Fastest mile of wind—The highest wind speed over a specified period (usually the 24-

hour observational day) of any “mile” of wind.  The fastest mile of wind is the 
reciprocal of the shortest interval (in 24 hours) that it takes one mile of air to pass a 
given point. 

 
Fetch—Distance over which soil is eroded by a wind having a relatively constant 

direction and speed. 
 
Friction velocity—Measure of shear stress of the wind on the exposed surface of soil or 

other aggregate material, causing loose particles to be lifted from the surface. 
 
Fugitive dust source—Emitter of airborne particles where the particulate emissions 

cannot reasonably be passed through a stack, chimney, vent, or other functionally 
equivalent opening.  Fugitive dust sources include roadways, construction 



 5 

(earthmoving and demolition), material handling operations, soil tillage, and wind 
erosion. 

 
Gravel—Soil particles ranging from 1/5 inch to 3 inches in diameter. 
 
Grid counting method—Method used to estimate areas contained between contour lines 

on maps. 
 
Ground inventory—A measurement of the amount of dust suppressant applied to an 

unpaved surface, usually expressed as gallons of suppressant per square yard of road 
surface. 

 
Growing canopy fraction (GCF)—The proportion of the acreage that will have the crop 

canopy cover factor applied to it. 
 
Half life of control—The time required for control efficiency to fall to half its initial 

value. 
 
Irrigation factor (wetness)—Adjustment to the erodibility due to surface wetness from 

irrigation. 
 
Long-term irrigation-based erodibility adjustment—Adjustment that takes into 

account changes in cloddiness of the soil, based upon differences between irrigated 
and nonirrigated soils. 

 
Material throughput—Output rate of processed material. 
 
Mitigative control—Control measure that periodically removes exposed dust-producing 

material. 
 
MOBILE model—Software tool developed by EPA to predict gram per mile emissions 

of hydrocarbons, carbon monoxide, oxides of nitrogen, carbon dioxide, particulate 
matter, and toxics from cars, trucks, and motorcycles under various conditions. 

 
Mode—The most frequent value in a group of values.  The approximate mode of a 

particle size distribution (i.e., particle size diameter) can be found by sieving a 
surface material sample to find the threshold friction velocity using a modification to 
W.S. Chepil’s method. 

 
Moisture content—A measurement, usually expressed as a percent, of the mass of water 

in a material sample.  Moisture content is obtained by weighing the original sample 
and then drying the sample to obtain the mass of vaporized water. 

 
Month-as-a-year—Term used by California Air Resources Board (ARB) staff to 

describe method of calculating the climatic “C” factor profile by assuming that each 
month's data for a given site describes a unique annual climatic regime. 
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Most cost-effective—Having the lowest cost per mass of PM emissions reduced. 
 
Most efficient—Having the highest control efficiency (note that preventive controls are 

usually addressed before mitigative controls). 
 
Mulch—Any material used to cover a soil surface to conserve soil moisture and prevent 

erosion. 
 
Nonattainment area—Geographic area that is not in compliance with federal health-

based air quality standards for an air pollutant (e.g., PM-10). 
 
Nonerodible material—Objects larger than 1 centimeter in diameter that are not 

susceptible to movement even on windy days (e.g., gravel, hard-packed soil clods). 
 
Operating/Maintenance costs—Expenses associated with personnel, materials, 

consumables, equipment repair, and other types of continuing expenses. 
 
Overhead costs—A broad category of costs associated with administration. 
 
Pan evaporation rate—The rate of evaporation from a US Class-A pan that is filled with 

water, with daily measurements made of the water level to compute the resulting 
daily water loss. 

 
Peak wind gust—A maximum wind speed defined by U.S. weather observing practice, 

with gusts reported when the peak wind speed reaches at least 16 knots and the 
variation in wind speed between the peaks and lulls is at least 9 knots.  The duration 
of a gust is usually less than 20 seconds. 

 
Plant/harvest date pair—Methodology that uses planting cohorts split between harvest 

months, using the fraction of the total crop planted in a given month with the fraction 
of the total crop harvested in a given month. 

 
PMx—Airborne particulate matter with aerodynamic diameters equal to or less than x 

µm (e.g. PM10, PM2.5) 
 
Portable wind tunnel—Moveable air channel with an open bottom through which air is 

drawn at different velocities.  This type of wind tunnel with a backend sampling 
system is used to investigate particle emissions by wind erosion, as a function of 
wind speed.  

 
Postharvest soil cover factor—Adjustment to windblown emissions based on the 

fraction of land covered after harvest when viewed directly from above. 
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Precipitation effectiveness (PE)—See “Thornthwaite’s precipitation-evaporation 
index”; the sum of 12 monthly values (ratios of precipitation to actual 
evapotranspiration). 

 
Preventive control—Control measure that inhibits or minimizes the accumulation of 

exposed dust-producing material. 
 
Prewatering—Application of water during construction and earthmoving operations to 

excavation areas and borrow pits before earth is excavated.  The areas to be 
excavated are moistened to the full depth from the surface to the bottom of the 
excavation to achieve an optimum moisture content for fugitive dust control. 

 
Quality rating—An assessment level of A through E as assigned by EPA to each 

emission factor in AP-42, with A being the best.  A factor's rating is a general 
indication of the reliability, or robustness, of that factor. 

 
Replant-to-different-crop factor—Adjustment to windblown emissions for harvested 

acreages that are quickly replanted to a different crop. 
 
Reservoir—Amount of surface particles available for sustaining wind erosion.  Surface 

soil properties determine the duration of dust events, and limited reservoirs will emit 
dust for a shorter duration of time (i.e., minutes) than unlimited reservoirs (i.e., 
days). 

 
Revegetation—Vegetative cover that has been established on previously disturbed 

ground, such as a construction site. 
 
Revised Wind Erosion Equation (RWEQ)—Model that is intermediate in complexity 

between the wind erosion equation (WEQ) and the wind erosion prediction system 
(WEPS). 

 
Rock—Soil particles greater than 3 inches in diameter. 
 
Roughness height—Height above ground level where the wind speed is theoretically 

reduced to zero because of surface obstructions; a measure of surface protrusion into 
the boundary layer wind flow. 

 
Sand—Soil particles ranging from 0.05 to 2.0 mm in diameter; individual particles are 

visible to the unaided human eye. 
 
Senescence—Process of plant aging and dying that is characterized by decreasing growth 

rates, chlorophyll breakdown, and mobilization of nitrogen out of leaves and into 
other plant organs. 

 
Sheltering elements—Blockages to wind that inhibit wind erosion of soil.  Examples 

include wind fences and trees. 
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SIC code—Abbreviation for Standard Industrial Classification code.  A numbering 

system established by the Office of Management and Budget that identifies 
companies by industry. 

 
Sieving—Process of passing a material through a series of woven square meshes of 

decreasing size to separate particles into different particle size classes.  For 
agricultural soil classification, wet sieving disperses the material in a liquid before 
passing the suspension through one or more sieves.  Dry sieving is used to 
characterize material dustiness levels and can be performed either by a mechanical 
sieve shaker or by rotational hand sieving. 

 
Silt content—Percentage of particles less than 74 µm in physical diameter (i.e., fraction 

passing a standard 200-mesh sieve). 
 
Silt—Noncohesive soil whose individual particles are not visible to the unaided human 

eye (0.002 to 0.05 mm).  Silt will crumble when rolled into a ball. 
 
Soil classes (types)—Classifications used by soil scientists:  representative erodibilities 

have been measured, which allow soil maps to be used to estimate erodibilities for 
agricultural land. 

 
Soil cover deterioration—Reduction in postharvest soil cover due to the effects of 

weather, sunlight, insects, microbes, etc. 
 
Soil loss ratio (SLR)—The ratio of the soil loss for a soil of a given cover divided by the 

soil loss from bare soil. 
 
Soil texture—The relative proportions of clay, silt, and sand in soil. 
 
Soil—Surface material consisting of disintegrated rock and organic material. 
 
Source Extent—See “Emission activity level.’ 
 
State Geographic Data Base (STATSGO)—Database of soil data produced and 

maintained by the NRCS. 
 
Stepwise linear regression—Process of determining best-fit polynomials for a predictive 

mathematical model.  The procedure involves least squares regression analysis in a 
forward stepping procedure 

 
Surface disturbance—See “Disturbance.” 
 
Surface loading—Mass of loose material per paved road surface area.  Total surface 

loading is measured by vacuuming a known area of paved road surface to obtain all 
material regardless of particle size.  Silt surface loading is obtained by sieving the 
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total surface loading and refers only to particles with physical diameters less than 
74 ìm. 

 
Surface stabilization/treatment/improvement—The paving, graveling, chemical 

stabilization, or watering of a dust-emitting surface to prevent dust emissions due to 
mechanical disturbance and wind erosion. 

 
Thornthwaite’s precipitation-evaporation index—A measure of soil aridity, calculated 

as the ratio of precipitation to evapotranspiration. 
 
Threshold friction velocity—Friction velocity that closely corresponds to the threshold 

wind speed for wind erosion of a specific surface.  See “Friction velocity.” 
 
Threshold source size—An emission level below which a facility or dust-emitting 

activity is not regulated. 
 
Threshold wind speed—Wind speed (measured at a reference height of 10 m) below 

which wind erosion does not occur from the exposed surface being considered. 
 
Tillage—Practice of producing a soil surface to maintain surface residue, prepare a seed 

bed, conserve soil moisture, and reduce wind erosion. 
 
Trackout—Accumulation of mud/dirt on paved roads, as deposited by vehicles that exit 

unpaved sites such as construction areas, agricultural fields, quarries, dumps, or 
batch plants. 

 
Traffic volume—Measure of the number of vehicles traveling over a road segment.  

Vehicle miles traveled (VMT) on a road equals the average daily traffic (ADT) times 
the roadway length. 

 
Uncontrolled emissions—Total emissions before application of any control measures. 
 
Unit-operation emission factors—Emission factors that represent sub-processes or 

separate activities associated with an emission source. 
 
Vegetative cover/residue—Organic matter, either growing or dead, that protects the soil 

surface from the erosive force of wind. 
 
Visible dust—For regulatory purposes, means airborne particles that obscure an 

observer’s view to a degree equal to or greater than a specified opacity limit. 
 
Wet stabilization/watering—See “Surface stabilization.” 
 
Wind barrier/Wind sheltering—See “Sheltering element.” 
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Wind erosion equation (WEQ)—Methodology originally developed to estimate wind 
erosion from agricultural lands.  Later modified by U.S. EPA to use for estimating 
PM emissions. 

 
Wind Erosion Prediction System (WEPS)—Detailed simulation model to predict wind 

erosion emissions; currently in development.  May be useful in future, especially for 
episodic modeling. 

 
Wind erosion—Removal of dry soil particles from the ground surface by wind, causing 

airborne particulate matter downwind of the emitting soil area. 
 
Wind shear—Force of wind parallel to a surface that can remove loose particles, as 

opposed to wind directly impacting the surface. 
 
Worst-case emissions—See “Uncontrolled emissions.” 
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EMISSION QUANTIFICATION TECHNIQUES 
 

Fugitive dust emission rates and particle size distributions are difficult to quantify 
because of the diffuse and variable nature of such sources and the wide range of particle 
sizes, including particles that deposit immediately adjacent to the source. Standard source 
testing methods, which are designed for application to confined flows under steady-state, 
forced-flow conditions, are not suitable for the measurement of fugitive emissions unless 
the plume can be drawn into a forced-flow system. The available source testing methods 
for fugitive dust sources are described in the following paragraphs. 
 
Mechanical Entrainment Processes 
 

Because it is usually impractical to enclose open dust sources or to capture the entire 
emissions plume, only two methods are suitable for the measurement of particulate 
emissions from most open dust sources: 
 
1. The upwind-downwind method involves the measurement of upwind and downwind 

particulate concentrations, utilizing ground-based samplers under known 
meteorological conditions, followed by a calculation of the source strength (mass 
emission rate) with atmospheric dispersion equations.1

 
2. The exposure-profiling method involves simultaneous, multipoint measurements of 

particulate concentration and wind speed over the effective cross section of the 
plume, followed by a calculation of the net particulate mass flux through integration 
of the plume profiles.2

 
In both cases it is customary to use high-volume air samplers, so that quantifiable sample 
mass can be accumulated in sampling periods no longer than about six hours. 
 
Upwind-Downwind Method.  The upwind-downwind method involves the measurement 
of airborne particulate concentrations both upwind and downwind of the pollutant source.  
The number of upwind sampling instruments depends on the degree of isolation of the 
source operation of concern (i.e., the absence of interference from other sources upwind).  
Increasing the number of downwind instruments improves the reliability in determining 
the emission rate by providing better plume definition.  In order to reasonably define the 
plume emanating from a point source, instruments need to be located at a minimum of 
two downwind distances and three crosswind distances.  The same sampling 
requirements pertain to line sources except that measurements need not be made at 
multiple crosswind distances. 

 
Net downwind (i.e., downwind minus upwind) concentrations are used as input to 

atmospheric dispersion equations (normally of the Gaussian type) to back-calculate the 
particulate emission rate (i.e., source strength) required to generate the pollutant 
concentrations measured.  Emission factors are obtained by dividing the calculated 
emission rate by the source extent.  A number of meteorological parameters must be 
concurrently recorded for input to this dispersion equation.  As a minimum, the wind 
direction and speed must be recorded on-site. 
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While the upwind-downwind method is applicable to virtually all types of sources, it 
has significant limitations with regard to the development of source-specific emission 
factors.  Because of the impracticality of adjusting the locations of the sampling array for 
shifts in wind direction during sampling, it may be questionable to assume that the plume 
position is fixed in the application of the dispersion model.  In addition, the usual 
assumption that a line or area source is uniformly emitting may not allow for a realistic 
representation of spatial variation in source activity. 
 
Exposure-Profiling Method  As an alternative to conventional upwind-downwind 
sampling, the exposure-profiling technique utilizes the emission profiling concept, which 
is the basis for the conventional ducted source testing method (i.e., USEPA Method 53), 
except that, in the case of exposure-profiling, the ambient wind directs the plume to the 
sampling array.  The passage of airborne particulate matter immediately downwind of the 
source is measured directly by means of a simultaneous, multipoint sampling of 
particulate concentration and wind velocity over the effective cross section of the fugitive 
emissions plume. 

 
For the measurement of nonbuoyant fugitive emissions using exposure profiling, 

sampling heads are distributed over a vertical network positioned just downwind (usually 
about 5 m) from the source.  Particulate sampling heads should be symmetrically 
distributed over the concentrated portion of the plume containing at least 80% of the total 
mass flux.  A vertical line grid of at least three samplers is sufficient for the measurement 
of emissions from line or moving point sources (see Figure A-1), while a two-
dimensional array of at least five samplers is required for quantification of the fixed 
virtual point source of emissions.  For quantifying emissions of particles larger than about 
10 µm, the particulate samplers should have directional intakes, as discussed below.  At 
least one upwind sampler must be operated to measure the background concentration, and 
wind speed and direction must be measured concurrently on-site. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure A-1.  Exposure Profiling Method—Roadway 
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The particulate emission rate is obtained by a spatial integration of the distributed 
measurements of exposure (accumulated mass flux), which is the product of mass 
concentration and wind speed: 
 

  (1) wwCR ∫= huh
A

),(),( dhdw
 
where, R = emission rate, (g/s) 
 C = net particulate concentration, (g/m3) 
 u = wind speed, (m/s) 
 h = vertical distance coordinate, (m) 
 w = lateral distance coordinate, (m) 
 A = effective cross-sectional area of plume, (m2) 
 
Usually, a numerical integration scheme is used to calculate the emission rate.  This 
mass-balance calculation scheme requires no assumptions about plume dispersion 
phenomena. 
 
Isokinetic Sampling  Regardless of which method is used, isokinetic sampling is required 
for a representative collection of particles larger than about 10 µm in aerodynamic 
diameter.  The directional sampling intakes are pointed into the mean wind direction and 
the intake velocity of each sampler is periodically adjusted (usually with intake nozzles) 
to closely match the mean wind velocity approaching the sampling intake.  Because of 
natural fluctuations in wind speed and direction, some anisokinetic sampling effects will 
always be encountered.  If the angle α between the mean wind direction and the direction 
of the sampling axis equals 30°, the sampling error is about 10%.4  For an isokinetic flow 
ratio of sampling intake speed to approach wind speed between 0.8 and 1.2, the sampling 
error is about 5%.4 

 
Wind Erosion 
 

The two wind erosion source testing methods of interest are the upwind-downwind 
method as described above and the portable wind tunnel method.  The wind tunnel 
method involves the use of a portable open-floored wind tunnel for in situ measurement 
of emissions from representative surfaces under predetermined wind conditions.5
 
Upwind-Downwind Method  The upwind-downwind method is burdened with practical 
difficulties for the study of wind erosion, in that the onset of erosion and its intensity is 
beyond the control of the investigator.  In addition, background (upwind) particulate 
concentrations tend to be high during erosion events, making source isolation very 
difficult. 
 
Wind Tunnel Method  The most common version of the wind tunnel method utilizes a 
pull-through wind tunnel with an open-floored test section placed directly over the 
surface to be tested.  Air is drawn through the tunnel at controlled velocities.  The exit air 
stream from the test section passes through a circular duct fitted with a directional 
sampling probe at the downstream end.  Air is drawn isokinetically through the probe by 
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a high-volume sampling train.  The wind tunnel method incorporates the essential 
features of the USEPA Method 5 stack sampling method.3  The one prime difference, the 
use of single-point sampling, is justified by the high turbulence levels in the sampling 
module.  The measurement uncertainty inherent in this method is of the same order as 
that in Method 5, which has been subjected to extensive collaborative testing by EPA.  
The wind tunnel method relies on a straightforward mass-balance technique for the 
calculation of emission rate.  By sampling under light ambient wind conditions, 
background interferences from upwind erosion sources can be avoided.  Although a 
portable wind tunnel does not generate the larger scales of turbulent motion found in the 
atmosphere, the turbulent boundary layer formed within the tunnel simulates the smaller 
scales of atmospheric turbulence.  It is the smaller-scale turbulence which penetrates the 
wind flow in direct contact with the erodible surface and contributes to the particle 
entrainment mechanisms.6
 
Particle Sizing 
 

Concurrent with the measurement of mass emissions, the aerodynamic particle size 
distribution should be characterized.  Chemical, biological, and morphological analyses 
may also be performed to characterize the nature and origin of the particles.  For particle 
sizing, a high-volume cyclone/cascade impactor featuring isokinetic sample collection 
has been used.7  A cyclone preseparator (or other device) is needed to remove the coarse 
particles, which otherwise would bounce off the greased substrate stages within the 
impactor, causing fine-particle bias.  Once again, the sampling intake is pointed into the 
wind and the sampling velocity adjusted to the mean local wind speed by fitting the 
intake with a nozzle of appropriate size.  This system offers the advantage of a direct 
determination of aerodynamic particle size. 

 
Another particle sizing option includes an analysis of the particulate deposit by 

optical or electron microscopy.  Disadvantages include:  (a) potential artificial 
disaggregation of particle clusters during sample preparation, and (b) uncertainties in 
converting physical size data to equivalent aerodynamic diameters.  In a collaborative 
field test of the exposure-profiling method, the cyclone/impactor method was judged to 
be more suitable than microscopy for the particle sizing of fugitive dust emissions.8
 
Control Efficiency Estimation 
 

Field evaluation of the control efficiency requires that the study design include not 
only adequate emission measurement techniques but also a proven “control application 
plan.”  In the past, two major types of plans have been used.  Under the Type-1 plan, 
controlled and uncontrolled emission measurements are obtained simultaneously.  Under 
the Type-2 plan, uncontrolled tests are performed initially, followed by controlled tests. 

 
In order to ensure comparability between the operating characteristics of the 

controlled and uncontrolled sources, many evaluations are forced to employ Type-2 
plans.  An example would be a wet suppression system used on a primary crusher.  One 
important exception to this; however, is unpaved-road dust control.  In this instance, 
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testing under a Type-1 plan may be conducted on two or more contiguous road segments.  
One segment is left untreated and the others are treated with the dust suppressant.  Under 
a Type-2 plan, a normalization of emissions may be required to allow for potential 
differences in source characteristics during the uncontrolled and controlled tests because 
they do not occur simultaneously. 
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ALTERNATIVE EMISSION ESTIMATION METHODS 
 

This appendix identifies emission estimation methods developed by various groups 
for several fugitive dust source categories not addressed in the main body of the 
handbook.  It also includes emission estimation methods for categories addressed in the 
main body of the handbook that are either still in the developmental stage and have not 
been approved by federal or state agencies, or were developed many years ago and have 
fallen out of favor.  Because many of these methods have not been peer-reviewed, the 
reader is cautioned in the use of the emission factors included in these emission 
estimation methods.  The emission estimation methods discussed here include: 

• an early USEPA method for agricultural tilling, 
• an early USEPA method and a California Air Resources Board (CARB) method 

for agricultural harvesting, 
• a CARB method for cattle feedlots, 
• emission estimation methods developed by AeroVironment for miscellaneous 

minor fugitive dust sources (leaf blowers, equestrian centers, landfills, and truck 
wake turbulence of unpaved shoulders), 

• an early USEPA method for active storage pile wind erosion, 
• an early USEPA method for uncovered haul trucks, 
• a Desert Research Institute (DRI) method for unpaved shoulders, and 
• four methods for open area wind erosion:  the Draxler method, the UNLV 

method, the Great Basin Unified APCD method, and the DEJF method. 
 
Appendix B also includes a discussion of a method developed by DRI to measure the 

silt loading for paved roads. 
 
Agricultural Tilling 
 

In 1983, Midwest Research Institute developed a PM10 emission factor for fugitive 
dust generated by agricultural tilling for the USEPA.1  The emission factor equation 
developed by MRI for soils with a mean silt content (s) of 18% was given as: 

 
 EF = 1.01 s0.6

 
where, 

EF = PM10 emission factor (lb/acre-pass) 
s = silt content of surface soil (%) 

This emission factor for agricultural tilling was adopted by the USEPA in their 4th edition 
of AP-42.  However, the chapter on agricultural tilling was dropped from subsequent 
editions of AP-42. 
 
Agricultural Harvesting Operations 
 
USEPA Method.  AP-42 includes emission factors for particles less than 7µm in 
aerodynamic diameter for cotton, wheat and sorghum harvesting operations.2  These 
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sections of AP-42 have not been updated since 1995.  The PM7 emission factors 
(lb/square mile) for harvesting cotton, wheat and sorghum are presented in Table 1. 
 

Table B-1.  USEPA’s PM7 Emission Factors for Harvesting (lb/square mile) 
Operation (units) Harvesting Loading Transport Total 
Harvesting cotton with a 2-
row picker with a basket 

2.6 0.40 2.5 5.5 

Harvesting cotton with a 
strippera

24 0.32 1.6 26 

Harvesting wheat 0.96 0.07 0.65 1.7 
Harvesting sorghum 6.5 0.13 1.2 7.8 

a  Assumes 2% of all strippers are 4-row models with baskets and of the remainder 40% 
are 2-row models pulling trailers and 60% are 2-row models with mounted baskets. 

 
The emission factors for harvesting cotton are based on an average machine speed of 

3 mph for pickers and 5 mph for strippers, a basket capacity of 240 lb, a trailer capacity 
of 6 baskets, a lint cotton yield of 1.17 bales/acre for pickers and 0.77 bales/acre for 
strippers, and a transport speed of 10 mph.  The emission factors for harvesting wheat 
and sorghum are based on an average combine speed of 7.5 mph, a combine swath width 
of 20 feet, a field transport speed of 10 mph, a truck loading time of 6 minutes, a truck 
capacity of 13 acres for wheat and 7 acres for sorghum, and a filled truck travel time of 2 
minutes per load. 
 
CARB Method.  The California Air Resources Board (CARB) has published PM10 
emission estimation methods for fugitive dust emissions originating from agricultural 
harvesting operations.3  At this time, emission factors have been measured in California 
for harvesting cotton, almonds and wheat.  All other crops are assigned emission factors 
by scaling the emission factors measured for these three crops.  The measured PM10 
emission factors for harvesting cotton, wheat and almonds are 3.4, 5.8, and 40.8 lb/acre, 
respectively.  PM10 emission factors for several of the major crops grown in California 
were assigned as follows:   

• sugar beets, onions and potatoes:  50% of that for cotton 
• vine crops and tomatoes:  5% of that for cotton 
• fruit trees:  2.5% of that for cotton 
• corn:  50% of that for wheat 
• walnuts:  same as almonds. 
 

The complete list of harvesting emission factors assigned to over 200 crops can be 
obtained from CARB’s website (www.arb.ca.gov/emisinv/areasrc/full pdf; see Section 
7.5  “Agricultural Harvest Operations”). 
 
Cattle Feedlots 
 

CARB has published PM10 emission factors for cattle feedlots and dairies.3  These 
emission factors are 28.9 lb per 1,000 head of feedlot cattle per day, and 6.7 lb per 1,000 
head of dairy cattle per day.  The dairy PM10 emission factor is applied only to 
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producing dairy cows since the emissions from support animals (bulls, heifers, calves) are 
included in the emission factor. 
 
Miscellaneous Sources (Leaf Blowers, Equestrian Centers, Landfills, and Turbulent 
Wake from Large Vehicles) 
 

AeroVironment (AV), under contract to the South Coast AQMD, conducted an 
assessment of PM10 emission factors for sources of fugitive dust not included in the 
District’s inventory.4  Rather than conducting field measurements, AV based their 
analysis on telephone interviews, engineering calculations, visual observations and 
literature searches.  Study categories included leaf blowers, equestrian centers, landfills, 
and wake turbulence from large vehicles moving adjacent to unpaved road shoulders or 
disturbed vacant lands.  AV developed an emission factor for equestrian centers using 
vehicular travel on unpaved roads as a surrogate.  The AP-42 methodology used to 
calculate fugitive dust emissions from construction operations, which are primarily due to 
heavy vehicles traveling on unpaved roads, was adapted for landfills.  AV’s methodology 
contains several inappropriate assumptions as well as mathematical errors.5.  Thus, the 
emission factors derived by AV are suspect and are not reproduced here.  It should be 
pointed out that AV concluded that even with their very conservative assumptions the 
total PM10 fugitive dust emissions from the sum of these four uninventoried source 
categories was insignificant (less than 1.5% of the PM10 inventory for the South Coast 
Air Basin). 
 
Paved Roads:  Silt Loading 
 

AP-42 measurements of silt loading for paved roads involve periodic sampling from 
representative roads which are then used to calculate emissions.  These silt loadings have 
been shown to be highly variable in time and space, and the labor required for their 
acquisition mitigates against frequent sampling that covers a wide spatial extent.  DRI has 
developed a method named the TRAKER method6 that relates real-time measurements to 
silt loading using one continuous forward-scattering nephelometer located in the wheel 
well of a vehicle and a second unit located on the hood of the vehicle to measure ambient 
background.  Since suspendable dust remains close to the ground, the difference in 
readings between the two nephelometers is proportional to the amount of suspendable 
dust on the roadway surface.  The TRAKER was calibrated in Las Vegas against AP-42 
silt loadings determined for samples taken in the study area for a variety of visible 
surface loadings and traffic types and volumes.  The study results showed a reasonable 
relationship between the continuous TRAKER measurements and actual silt loadings. 
 
Storage Pile Wind Erosion 
 

A total suspended particulate (TSP) emission factor for wind erosion of active storage 
piles was included in a USEPA report published in 1989.7  This emission factor is not 
included in AP-42.  Annual TSP emissions for wind blown dust from active storage piles 
were estimated from the following equation: 

 

 B-3



TSP (lb/year/acre of surface) = 1.7 (s/1.5) (365 [365-p]/235) (f/15) 
 

where, s = silt content of material (weight %) 
 p = number of days per year with at least 0.01 inch of precipitation 

f = percentage of time unobstructed wind speed is greater than 12 mph at mean 
pile height 

 
The short-term (24 hour) TSP emissions estimate for wind blown dust from active 

storage piles was given as: 
 

 TSP (lb/acre/hour) = 0.72 U 
 
where, U = wind speed (mph) 
 

To estimate PM10 and PM2.5 emissions, the PM10/TSP and PM2.5/TSP ratios 
published in AP-42 for storage piles will need to be obtained. 
 
Uncovered Haul Trucks 
 

A total suspended particulate (TSP) emission factors for uncovered haul trucks was 
included in a USEPA report published in 1989.7  This emission factor is not included in 
AP-42.  The hourly TSP emission estimate for uncovered haul trucks was estimated from 
the following equation: 

 
 TSP (lb/yd2/hour) = 0.00015 u 
 
where, u = sum of wind speed and vehicle speed (mph) 
 

To estimate PM10 and PM2.5 emissions, the PM10/TSP and PM2.5/TSP ratios 
published in AP-42 for materials handling will need to be obtained. 
 
Unpaved Shoulders 
 

DRI developed a PM10 emission factor for the resuspension of fugitive dust from 
unpaved shoulders created by the wake of high-profile vehicles such as tractor-trailers 
(semis) traveling on paved roads at high speed (50-65 mph).8  The emission factor for 
unpaved shoulder with surface loadings of 4,500 to 5,500 g/m2, silt content of 3 to 6%, 
and a surface moisture content under 1% was given as: 

 
EF = 0.028 ± 0.014 lb/VMT 
 

DRI concluded that emissions from unpaved shoulders due to smaller vehicles such 
as cars, vans and SUVs were negligible.  It should be pointed out that the PM10 
emissions were estimated utilizing nephelometers which are not quantitative for coarse 
particles.  Thus, total PM10 emissions may be underestimated. 
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Wind Blown Dust from Open Areas 
 
Draxler Method  Based on an evaluation of available algorithms for calculating wind 
blown fugitive dust emissions, the WRAP expert fugitive dust panel9 recommended the 
use of the algorithm developed by Draxler et al.10 that was based on the earlier work of 
Marticorena et al.11  This algorithm received the highest score on the basis of extensive 
field verification test results and having undergone peer review.  Draxler and coworkers 
developed their algorithm for estimating fugitive dust emissions during desert dust storms 
in Iraq, Kuwait, and Saudi Arabia using a Lagrangian transport and dispersion model 
where the vertical dust flux was proportional to the difference in the squares of the 
friction velocity and threshold friction velocity.  A proportionality constant was used to 
relate the surface soil texture to the PM10 dust emissions, and is defined as the ratio of 
vertical flux of PM10 to total aeolian horizontal mass flux.  PM10 emissions caused by 
wind erosion were estimated in a stepwise process as follows: 

• Step I.  Obtain large scale and small scale wind fields 
• Step II.  Estimate sand movement (horizontal flux of saltation particles ≥50 µm) 
• Step III.  Calculate vertical resuspended dust emissions 

 
The horizontal flux of sand, Q (µg/meter-second), was modeled as follows: 
 

 Q = A (ρ/g) u* (u*2 – u*
t
2) 

 
where, A = a dimensionless constant  

ρ = the density of air 
g = the acceleration due to gravity 
u* = the friction velocity (m/s) 
u*

t = the threshold friction velocity (m/s) required for initiation of sand movement 
by the wind.   

 
The value of A is not constant if there is wetting followed by crusting of the surface 

sediments, or if there is a depletion of loose particles on the surface for a “supply-
limited” surface.  The value of A ranges from a maximum of ~3.5 when the surface is 
covered with loose sand to ~0 when the surface has a smooth crust with few loose 
particles larger than 1 mm.  Suspended dust is proportional to saltation or sandblasting as 
follows: 

 
 F = K Q 
 
where, F = the vertical flux of dust (µg/m2-second) 

K = proportionality factor (m-1) that relates the surface soil texture to PM10 dust 
emissions 

Q = the horizontal flux of saltating particles (µg/m-second) 
 

The value of K is not precisely known, but data sets of F versus Q are available so 
that estimates of K can be made for certain soils.  For sand textured soils, K is estimated 
to be ~5.6 x 10-4 m-1 and A is ~2.8. 
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UNLV Method  Under contract to the Clark County Department of Comprehensive 
Planning, James et al.12 developed a wind blown fugitive PM10 dust inventory for Clark 
County, NV.  This inventory utilized University of Nevada Las Vegas (UNLV) wind 
tunnel-derived estimates of wind blown fugitive dust emission factors for three categories 
of vacant land:  disturbed vacant land, stabilized vacant land, and undisturbed native 
desert soils.  The emission factors included geometric mean hourly “spike” corrected 
emission rates (tons/acre-hour) for disturbed vacant land, stabilized vacant land and 
undisturbed native desert soils as well as geometric mean spike emissions (ton/acre) for 
disturbed vacant land and undisturbed native desert soils as a function of wind speed and 
soil type.  The emission inventory assumed that the particulate reservoir for disturbed 
vacant land had no limit.  For every hour the sustained wind speeds were within a given 
wind speed category above the “spike” wind speed, the emissions were calculated.  A 
single “spike” mass was added for each acre of vacant land for those days that the wind 
speed exceeded a threshold wind speed, assuming each day represented a single wind 
event and reservoir recharging would not have occurred during a 24-hour period.  Wind 
speeds less than the “spike” speed were not included in the emission calculations.  
Because the native desert parcels have a limited PM10 reservoir, it was assumed that the 
reservoir would be depleted within one hour of sustained winds above the “spike” wind 
speed.  Therefore, only one hour of emissions were calculated during each day that winds 
exceeded the threshold friction velocity (“spike” wind speed) for native desert parcels. 
 

The wind speed threshold for generating fugitive dust emissions was estimated by 
James et al.12 to be 20 mph for disturbed vacant land and 25 mph for native desert 
parcels.  Because the parcels stabilized with dust suppressants had been subjected to 
some disturbance by vehicle traffic that may have caused some dust palliatives to break 
down, the initial wind threshold for this category was lower than the other categories, 
namely 15 mph.  However, the use of dust palliatives greatly reduced the overall 
emission factors.  Spikes were generally not observed from the stabilized parcels, and 
emission factors without spike corrections were used for stabilized parcels.  As with 
native desert, it was assumed that the stabilized parcels have a limited PM10 reservoir 
that would be depleted within one hour of sustained winds above the threshold wind 
velocity.  Therefore, only one hour of emissions was calculated during each day for 
stabilized parcels. 
 

For a sustained wind speed of 25 mph, the geometric mean hourly spike corrected 
emission factors across all soil types for Clark County were estimated to be ~5 x 10-3 
ton/acre-hour for disturbed vacant land, ~2 x 10-3 ton/acre-hour for native desert, and ~2 
x 10-4 ton/acre-hour for stabilized land.  The geometric mean spike emissions for a 
sustained wind speed of 25 mph were estimated to be ~2 x 10-3 ton/acre for disturbed 
vacant land and ~5 x 10-4 ton/acre for undisturbed native desert parcels.  It should be 
pointed out that there was significant scatter in the observed data, with within category 
variability ranging over 1 to 2 orders of magnitude. 
 
Great Basin Unified APCD Method  Ono et al.13 developed a method they called the Dust 
ID method to measure fugitive PM10 dust emissions due to wind erosion of the dry lake 
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bed at Owens Lake, CA using an extensive sand flux monitoring network.  Owens Lake 
is the largest single source of fugitive dust in the United States (estimated to be ~80,000 
tons PM10/year).  The network consisted of co-located electronic Sensits and passive 
Cox Sand Catchers (CSCs) deployed on a 1 km x 1 km grid covering 135 square 
kilometers of the lake bed with their sensor or inlet positioned 15 cm above the surface.  
Sensits measure the kinetic energy or the particle counts of sand-sized particles as they 
saltate across the surface.  Due to differences in the electronic response of individual 
Sensits, these units had to be co-located with passive sand flux measurement devices to 
calibrate their electronic output and to determine the hourly sand flux.  The battery 
powered Sensits were augmented with a solar charging system.  A data logger recorded 
hourly Sensit data during inactive periods and switched to 5-minute data during active 
erosion periods.  CSC’s are passive instruments that are used to collect sand-sized 
particles that are blown across the surface during a dust event.  These instruments were 
designed and built by the Great Basin Unified Air Pollution Control District as a reliable 
instrument that could withstand the harsh conditions at Owens Lake.  CSC’s have no 
moving parts and can collect sand for a month at Owens Lake without overloading the 
collector. 
 

Hourly PM10 emissions from each square kilometer of the lake bed were estimated 
from the following equation: 

 
Fa = Kf x q 
 

where, Fa = PM10 emissions flux (g/cm2/hr) 
q = hourly sand flux (g/cm2/hr) measured at 15 cm above the surface 
Kf , called the K-factor, = proportionality factor relating the PM10 emissions flux 

to the sand flux measured at 15 cm above the surface. 
 

Kf  values were determined by comparing CALPUFF model predictions, based on 
meteorological data from thirteen 10-meter towers and an Upper Air Wind Profiler to 
generate wind fields using the CALMET model, to observed hourly PM10 concentrations 
measured at six PM10 monitoring sites utilizing TEOM PM10 monitors.  A K-factor of 5 
x 10-5 was used to initially run the model and to generate PM10 concentration values that 
were close to the monitored concentrations.  Hourly K-factor values were later adjusted 
in a post-processing step to determine the K-factor value that would have made the 
modeled concentration match the monitored concentration at each of the six PM10 
monitor sites using the following equation: 

 
Kf = Ki [(Cobs – Cbac)/Cmod] 
 

where, Ki = initial K-factor (5 x 10-5) 
Cobs. = observed hourly PM10 concentration (µg/m3) 
Cbac. = background PM10 concentration (assumed to be 20 µg/m3) 
Cmod.  = model-predicted hourly PM10 concentration (µg/m3) 
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The results showed that Kf changed spatially and temporally at Owens Lake and that 
the changes corresponded to different soil textures on the lake bed and to seasonal surface 
changes that affected erodibility.  The results also showed that some source areas were 
active all year, while others were seasonal and sometimes sporadic.  Wind tunnel tests at 
Owens Lake independently confirmed these seasonal and spatial changes in Kf.  Ono et 
al.13 concluded that the emission estimates using their Dust ID method were more 
accurate than the AP-42 method for estimating daily emissions, since the emissions 
estimates correspond to measured hourly wind erosion on the lake bed.  For daily 
emissions, Ono and co-workers believe that AP-42 drastically overestimates the 
emissions at low wind speed conditions, and underestimates emissions at high wind 
speeds.  This large discrepancy in the emission estimates is due to the use of a single 
threshold friction velocity for the entire erosion area in the AP-42 method.  The AP-42 
method and the Dust ID method of estimating emissions resulted in very close agreement 
for the annual emissions. 
 
DEJF Method  The WRAP Dust Emissions Joint Forum (DEJF) is currently sponsoring 
an extension (Phase 2) to a WGA sponsored project started in 2003 to (a) provide 
windblown dust emissions inventories, and (b) complete modeling simulations of the 
effects of those emissions on regional haze for calendar year 2002 and future year 
projections.  The purpose of this additional effort is to improve the windblown dust 
emissions model developed by Mansell et al.14  The results of the initial model runs and 
subsequent sensitivity simulations have demonstrated a need to revise and/or update 
various assumptions associated with the development of the emission inventory.  To this 
end, revised estimation methodologies and algorithms will being evaluated in order to 
address various shortcomings and limitations of the current version of the model.  Many 
of the assumptions employed in the Phase 1 methodology are related to a lack of detail in 
the underlying data used to characterize vacant land types and soil conditions.  In 
addition, the current methodology relies on arbitrarily assigned threshold friction 
velocities and dust reservoir characteristics.  Due to the paucity of wind tunnel data, 
Mansell et al.14 developed fugitive dust emission factors for wind erosion of vacant land 
based on soil texture rather than applying the MacDougall method.15  Mansell and 
coworkers concluded that the wind tunnel emission factors derived for Clark County by 
James et al.12 are much greater than emission factors measured by other researchers using 
wind tunnels with a larger cross-section than the UNLV designed wind tunnel (6” wide 
by 6” high by 60” long).  The results of Phase 1 of the WGA sponsored project are 
available on the WRAP website (www.wrapair.org). 
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Appendix C 
Methodology for Calculating Cost-Effectiveness 

of Fugitive Dust Control Measures 
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INTRODUCTION 
 

In compiling information on control cost-effectiveness estimates for the fugitive dust 
handbook, we discovered that many of the estimates provided in contractor reports 
prepared for air quality agencies for PM10 SIPs contain either hard to substantiate 
assumptions or unrealistic assumptions.  Depending on which assumptions are used, the 
control cost-effectiveness estimates can range over one to two orders of magnitude.  
Rather than presenting existing cost-effectiveness estimates, we have prepared a detailed 
methodology containing the steps to calculate cost-effectiveness which is presented 
below.  We recommend that the handbook user calculate the cost-effectiveness values for 
different fugitive dust control options based on current cost data and assumptions that are 
applicable to their particular situation. 
 

Based on field measurements of uncontrolled and controlled unpaved road emissions 
conducted by Midwest Research Institute, there were no significant differences in the 
measured control efficiencies for the PM2.5 and PM10 size fractions.  Thus, the cost-
effectiveness for PM2.5 reduction can be calculated by dividing the cost-effectiveness 
estimate for PM10 reduction by the PM2.5/PM10 ratio for that fugitive dust source.  The 
ratios published in AP-42 range from 0.15 to 0.25; however, there is some evidence that 
these ratios may be high by a factor of two.  Controlled laboratory tests to be scheduled 
as part of the DEJF research plan for FY 2005 will address the PM2.5/PM10 ratio for 
several resuspended soils. 
 
TECHNICAL APPROACH 
 

The steps necessary to calculate the cost-effectiveness for different fugitive dust 
control measures are listed below.  This methodology was employed to calculate the cost-
effectiveness for each control application case study for the eight different fugitive dust 
source categories addressed in the handbook. 
 
Step 1:  Select a specific control measure for the fugitive dust source category of interest. 
 
Step 2:  Specify the basic parameters required to calculate uncontrolled and controlled 

emissions for the specific source: 
• applicable emission factor equation 
• parameters used in the emission factor equation 
• source extent (activity level) 
• characteristics of the source 
• control measure implementation schedule (frequency, application rate) 
 

Step 3:  Calculate the annual uncontrolled emission rate as the product of the emission 
factor and the source extent (from Step 2). 

 
Step 4:  Determine the control efficiency for the selected control measure.  This may 

involve either (a) using a published value, (b) calculating the control efficiency 
based on comparing the controlled emissions estimate derived from the applicable 
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emission factor equation with the uncontrolled emissions estimate derived from 
the same emission factor equation, or (c) specifying the desired control efficiency 
which then will entail determining the appropriate level of control to achieve the 
desired control efficiency. 

 
Step 5:  Calculate the annual controlled emissions rate (if not already calculated in step 4) 

as the product of the annual uncontrolled emission rate (from Step 3) multiplied 
by the quantity 1 minus the control efficiency (from Step 4), where the fractional 
control efficiency is expressed as a fractional control efficiency. 

 
Step 6:  Calculate the reduction in emissions as the difference between the annual 

uncontrolled emission rate (from Step 3) and the annual controlled emission rate 
(from Step 5). 

 
Step 7:  Gather cost estimates for implementing the selected control measure for the 

following items: 
• annualized capital costs (total capital costs/lifetime of the control) 
• annual operating and maintenance costs 
• annual overhead costs (in the sample cost-effectiveness calculations 

included in the handbook, we assumed that the annual overhead cost was 
one-half the annual operating and maintenance costs) 

• annual enforcement/compliance costs 
 

Step 8:  Calculate the annualized capital investment cost as the product of the annual 
capital cost and the capital recovery factor.  The capital recovery factor is 
calculated as follows: 

 
CRF = [ i (1 + i )n ] / [(1 + i)n – 1] 
 

where, CRF = capital recovery factor 
i = annual interest rate (fraction) 
n = number of payment years 
 

Step 9:  Calculate the total annualized cost by combining the annualized capital 
investment cost (from Step 8) with annual operating and maintenance costs, 
annual overhead costs, and annual enforcement/compliance costs (from Step 7). 

 
Step 10:  Calculate the cost-effectiveness of the selected control measure by dividing the 

total annualized costs (from Step 9) by the emissions reduction.  The emissions 
reduction is determined by subtracting the controlled emissions (from Step 5) 
from the uncontrolled emissions (from Step 3). 
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